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ABSTRACT 
Determining whether porcine reproductive and respiratory syndrome virus (PRRSV) is 
circulating within a breeding herd is a longstanding surveillance challenge.  Most commonly, 
piglets in farrowing rooms are sampled to infer the PRRSV shedding status of the sow herd, with 
sample size based on the expectation of hypergeometric distribution and piglet selection based 
on simple random sampling (SRS), i.e., randomly selecting individuals from a population in a 
manner that all individuals have equal chance of being selected.  The current PRRSV monitoring 
scheme guidelines from the American Association of Swine Veterinarians assumes that sampling 
30 piglets will detect ≥ 1 viremic piglets with 95% confidence if prevalence is ≥ 10% (Cannon 
and Roe, 1982).  However, some herds that met these criteria have tested again positive for 
PRRSV, with what appears to be the original outbreak virus, as determined by open reading 
frame (ORF)-5 sequencing (Linhares et al., 2014a). This implies that the virus was present at low 
prevalence, but undetected in the breeding herd.  This demonstrates the need for more clear and 
reliable indicators regarding progress towards measuring PRRSV circulation in breeding herds, 
particularly at the final stages of virus elimination when prevalence is low. 
Processing fluid (PF) is defined as the serosanguineous fluid recovered from castration 
and tail docking tissues at the time of piglet processing (Lopez et al., 2018).  The approach was 
first reported for antibody-based surveillance of sow farms using fluid recovered from castrated 
piglet tissues (Boettcher et al., 2010).  At the room level, Lopez et al. (2018) showed that the 
probability of detecting PRRSV RNA was higher for one whole-room PF as opposed to 30 
serum samples. 
Oral fluids samples offer advantages over serum from individual pigs for surveillance of 
swine populations: (1) they are easily collected by a single person; (2) they can be obtained 
xi 
without stress or risk to pigs or people; (3) at the population level, they provide a higher 
probability of detection than an equal number of serum samples, and (4) they can be used to 
screen populations for a variety of pathogens using nucleic acid-based or antibody-based testing 
(Prickett et al., 2008a; Prickett et al., 2008b; Kittawornrat et al., 2010b; Detmer et al., 2011; 
Prickett et al., 2011; Kittawornrat et al., 2012; Romagosa et al., 2012; Giménez-Lirola et al., 
2013; Goodell et al., 2013; Mur et al., 2013; Panyasing et al., 2013; Vosloo et al., 2015; 
Bjustrom-Kraft et al., 2016; Gimenez-Lirola et al., 2016; Panyasing et al., 2016b). For these 
reasons, testing of oral fluids has been used extensively in group-housed growing pigs and adult 
animals (boars and gilts/sows). Although the collection of oral fluids from due-to-wean litters, 
i.e., litters within two days of weaning, would allow producers to improve surveillance in this 
age group and anticipate postweaning infectious disease challenges; a practical technique for 
collecting oral fluids from suckling piglets has not been described (Kittawornrat et al., 2014; 
Panyasing et al., 2016a).  Family oral fluid (FOF) collection is an adaptation that takes advantage 
of the piglets' natural tendency to mimic their mother: if the dam interacts with the rope, her 
piglets will likely do the same (Yeske-Livermore et al., 2014b; Almeida et al., 2020) and is a 
sample type that can be used to monitor and surveil the due-to-wean litters.  
 This dissertation compiles the current knowledge on PRRSV surveillance on swine 
breeding herds, with emphasis in family oral fluids, and provides guidelines for incorporating 
population-based specimens in monitoring and surveillance systems.  Specifically, Chapter 2 
characterized the pattern of distribution of PRRSV-viremic piglets in farrowing rooms and 
compared the efficiency of simple random sampling (SRS), two-stage stratified sampling (2SS), 
and risk-based sampling (RBS) for the detection of PRRSV-viremic piglets.  Further, Chapter 2 
demonstrated that the distribution of PRRSV-viremic piglets in modern US farrowing room 
xii 
facilities is rarely homogeneous and often clustered, with clustering of viremic piglets observed 
in a majority of cases. Additionally, SRS was less efficient than either 2SS or RBS in detecting 
PRRSV-viremic piglets in farrowing rooms, and based on simulation modeling, sample size 
estimates for the detection of ≥ 1 viremic piglet by PRRSV prevalence, population size, and 
power of detection (90%, 95%, 99%) were provided.  Chapter 3 evaluated the optimum 
procedure for collecting oral fluid samples from due-to-wean litters.  A comparison of litter oral 
fluids (LOF), i.e., a cotton rope hung where only the piglets could access it, and family oral 
fluids, i.e., a cotton rope hung where both the sow and her respective piglets could access it was 
performed in addition to trying different attractants, previous exposure to a rope and different 
exposure times.  FOF-based procedures provided a significantly higher probability of collecting 
oral fluids from due-to-wean litters when compared to LOF-based methods.  Chapter 4 compared 
PRRSV detection in FOF samples (n = 199) and serum from all individual piglets (n = 2,177) 
within litters collected.  In total, 23 of 24 litters with ≥ 3 viremic piglets were PRRSV RNA 
positive in FOF; in 10 litters with ≤ 2 viremic piglets, 5 were FOF-positive.  A logistic regression 
analysis estimated the probability of a positive FOF sample from litters with 1, 2, 3, 4, and ≥ 5 
viremic piglets as 12.2%, 48.2%, 86.2%, 97.2%, and >99%, respectively.  The odds of a positive 
FOF results of a first parity litter were 3.36 times (95% CI: 2.10 – 5.38) that of a parity > 2 litter.  
The odds of a positive FOF result for litters with ≤ 11 piglets were 9.90 times (95% CI: 4.62 – 
21.22) that of a litter with > 11 piglets.  Bayesian prevalence estimation under misclassification 
analysis for the condition in which all samples (serum and FOF) test PRRSV RNA negative 
showed that PRRSV may still be present in breeding herds when those conditions are satisfied.  
Family oral fluids was shown to be an efficacious sample type for PRRSV detection in farrowing 
rooms.  Chapter 5 described PRRSV RNA detection over time in PF, FOF and piglet serum 
xiii 
collected from farrowing groups in commercial breeding farms with the objective of moving 
toward the design of robust, efficient, practical and effective PRRSV surveillance protocols.  A 
total of 561 PF room samples, 2,400 individual litter FOF samples, and 600 serum samples (120 
pools of 5 samples) were collected during the study period and tested for PRRSV RNA.  The 
detection of PRRSV was commonly sporadic over time within farms; was often non-uniform 
(negative and positive farrowing rooms at a given point in time); and PF and FOF testing results 
were sometimes discordant, i.e., PRRSV RNA detection in one was not always matched by 
detection in the other.  Non-uniformity in PRRSV detection in rooms sampled within the same 
week and virus detection after ≥ 11 consecutive weeks of PRRSV-negative results in PF and 
FOF samples underline the challenge of consistent PRRSV detection, but likewise suggest that 
monitoring protocols for breeding herds attempting PRRSV stabilization or elimination will use 




























CHAPTER 1.    GENERAL INTRODUCTION 
About this dissertation 
This dissertation is organized into six chapters.  Chapter 1 describes the organization of 
the dissertation and statement of the problem.  Chapter 2 is a scientific research paper titled 
“Establishing a rationale for the serological surveillance of PRRSV in nursing piglets” to be 
submitted for publication in Preventive Veterinary Medicine.  Chapter 3 is a scientific research 
paper titled “Collecting oral fluid samples from due-to-wean litters” published in Preventive 
Veterinary Medicine.  Chapter 4 is a scientific research paper titled “Finding PRRSV in sow 
herds: family oral fluids vs. serum samples from due-to-wean pigs” to be submitted for 
publication in Preventive Veterinary Medicine.  Chapter 5 is a scientific research paper titled “A 
longitudinal study in commercial sow farms highlights the challenge of PRRSV detection” to be 
submitted for publication in Porcine Health Management.  The references, tables, and figures 
associated with each chapter follow the discussion section.  The final Chapter 6 contains the 
General Conclusions of the dissertation. 
General Background / Statement of the Problem 
Since porcine reproductive and respiratory syndrome was first reported (Keffaber, 1989), 
and PRRS virus (PRRSV) isolated (Wensvoort et al., 1991), an immense wealth of knowledge 
has been accumulated about the disease, its etiologic agent, and the dynamic of how it affects 
swine herds.  Despite all that, the costs associated with PRRSV are estimated to be over 1 billion 
dollars for the United States (US) swine industry annually (Holtkamp et al., 2013).  On breeding 
herds, the total annual cost of productivity losses was estimated to be $52.19 per breeding 






PRRSV elimination from swine breeding herds is commonly based on a "load-close-
expose" strategy (Torremorell et al., 2002).  This process involves overstocking the breeding 
herd with replacement gilts, temporarily interrupting the introduction of replacement females, 
and using live wild-type PRRSV inoculation or modified live virus (MLV) vaccination to place 
all animals in the herd on the same timeline for the development of PRRSV immunity.  
Thereafter, production of PRRSV negative weaned pigs is considered an indication of significant 
progress toward complete elimination of the virus shedding and transmission within the breeding 
herd.   
It’s been shown that part of the PRRSV outbreaks reported in breeding herds may 
actually be a failure to eliminate PRRSV as part of an elimination program.  Linhares et al. 
(2014) showed that 8.9% of the herds trying to eliminate PRRSV detected the same virus (based 
on open reading frame (ORF)-5 sequencing) of the prior outbreak after failing to detect PRRSV 
in pre-weaning piglets for 90 days.  The American Association of Swine Veterinarians’ 
suggested protocol to detect PRRSV in swine herds was published in 2011 in a paper 
standardizing and defining the nomenclature for describing PRRSV status of breeding herds or 
growing pig herds (Holtkamp et al., 2011).  The protocol recommends that for a breeding herd to 
achieve “stability” it should have 4 consecutive tests of a minimum of 30 serum samples taken 
from individual due-to-wean piglets every 30 days, or higher frequency, over a 90-day period.  
However, the above-mentioned protocol may miss the detection of PRRSV in scenarios where 
the prevalence is lower than 10%, once 30 samples will ensure the detection of a prevalence 
level of 10% or higher with 95% confidence (Cannon and Roe, 1982).  To improve the chances 
to detect PRRSV circulation in breeding herds when the prevalence is under 10% a higher 






sampling, such as piglet serum, a higher sample size may be cost- and time-prohibitive.  
Collection of serum samples from piglets is a process that demands time, requires skilled 
workers, and has high costs associated with testing the samples by reverse-transcriptase real-time 
polymerase chain reaction assays (RT-rtPCR) ($ 25.00-30.00 per sample tested), which makes 
testing an extensive number of piglets not feasible with this methodology.   
In this light, new methods to surveil the due-to-wean piglet population are needed.  
Prickett et al., described the collection of oral fluids from pigs in 2008. They described “oral 
fluid” as a mixture of saliva and mucosal transudate from where anti-PRRSV antibodies and 
PRRSV RNA can be detected (Prickett et al., 2008).  By hanging a cotton rope in a pen where 
pigs can interact with and chew on it, oral fluids can be collected from several pigs, serving as an 
aggregate sample.  Oral fluids have been used extensively for monitoring growing and adult pigs 
(Henao-Diaz et al., 2020), but to a limited extent in suckling piglets.  Family oral fluids (FOF) is 
an adaptation whereby a cotton rope is hung so that both the dam and her piglets have access to it 
(Yeske-Livermore et al., 2014).  However, more data is needed to further characterize the 
efficiency in obtaining samples from due-to-wean-litters, the diagnostic performance and how to 
employ it in an integrated monitoring program.  Therefore, the general objective of this 
dissertation was to provide alternative solutions to monitoring and surveillance systems to 
improve PRRSV detection in swine breeding herds. The specific objectives were: 1) 
Characterize the dynamic of PRRSV distribution  in individual piglets and litters in modern 
farrowing rooms in the US, 2) Further optimize the methods for oral fluid collection from the 
due-to-wean piglet population, and 3) Assess the efficacy of family oral fluids for PRRSV 






objective is addressed and achieved in chapter two, the second objective is fulfilled in chapter 
three, and the third objective is attained in chapters four and five. 
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Abstract 
Determining whether porcine reproductive and respiratory syndrome virus (PRRSV) is 
circulating within a breeding herd is a longstanding surveillance challenge.  Most commonly, 
piglets in farrowing rooms are sampled to infer the PRRSV status of the sow herd, with sample 
size based on the expectation of hypergeometric distribution and piglet selection based on simple 
random sampling (SRS), i.e., randomly selecting individuals from a population in a manner that 
all individuals have equal chance of being selected.  Although this approach is easily 
implemented, the assumptions upon which it is based (homogeneous population and 
independence of individuals) rarely hold in modern swine facilities.  Alternative approaches for 
sample selection include two-stage stratified sampling (2SS), i.e., randomly selecting litters (first 
stratum) and randomly selecting piglets (second stratum) within selected litters, and risk-based 
sampling (RBS), i.e., selecting litters with a higher risk of having viremic piglets, and randomly 






of distribution of PRRSV-viremic piglets in farrowing rooms and 2) compare the efficiency of 
SRS, 2SS, and RBS for the detection of PRRSV-viremic piglets.  In 12 sow farms, serum 
samples were collected from 4,510 piglets in 422 litters housed in 23 farrowing rooms and tested 
for PRRSV RNA.  At the population level, the distribution of PRRSV-viremic pigs was analyzed 
for population homogeneity and clustering.  At the litter level, litter size and sow parity were 
evaluated as risk factors.  A non-homogeneous distribution of PRRSV-viremic piglets was 
observed in nearly all farrowing rooms (15/16), and clustering detected on 11 occasions (11/16).  
Simulated sampling based on farrowing room data determined that 2SS required 1-to-25 fewer 
samples than SRS to detect ≥ 1 viremic piglet(s) in 13 of 16 rooms and the same number of 
samples in 3 rooms.  RBS required 1-to-7 fewer samples than 2SS to detect ≥ 1 viremic piglet in 
7 of 16 rooms, the same number of samples in 6 rooms, and 1 more sample in 3 rooms.  Notably, 
SRS was less efficient than either 2SS or RBS in detecting PRRSV-viremic piglets in farrowing 
rooms, regardless of the confidence level.  It may be concluded that the core assumptions upon 
which most current surveillance methods are based do not hold in modern farrowing room 
facilities.  Simulation-based sample size tables for SRS and 2SS are provided.  
Keywords:  swine, PRRSV, surveillance, PCR, serum  
Introduction 
Porcine reproductive and respiratory syndrome (PRRS) was first described in 1987 
(Keffaber, 1989) with PRRS virus (PRRSV) first isolated in 1991 (Wensvoort et al., 1991).  
Since then, the virus has been reported in all major swine producing countries, with rare 
exceptions (Zimmerman et al., 2012).  In the U.S., the Morrison Swine Health Monitoring 
Project (MSHMP) aggregates PRRS incidence from breeding farms and reports weekly summary 
statistics since 2009 (Tousignant et al., 2015; Arruda et al., 2018a; Arruda et al., 2018b; 






over 1,000 farms, with 24% reporting PRRS outbreak.  Thus, despite concerted prevention and 
control efforts, clinical PRRS continues to impose economic losses estimated at $664 million 
annually to the U.S. swine industry (Holtkamp et al., 2013).  For this reason, limiting PRRSV 
circulation and ultimately eliminating the virus from breeding herds is a common approach for 
US breeding herds.   
PRRSV elimination without depopulation is commonly based on a herd closure strategy, 
with or without whole-herd exposure to live virus (Torremorell et al., 2002).  This process 
involves overstocking the breeding herd with replacement gilts, temporarily closing the herd to 
replacement gilt introduction. The mass exposure of sows to live virus uses the resident PRRSV 
or a modified-live virus (MLV) vaccine as an attempt to place all animals in the herd on the same 
timeline for the development of PRRSV herd immunity.  Thereafter, consistent production of 
PRRSV-negative weaned pigs is considered an indication of significant progress toward 
complete elimination of virus shedding and transmission within the breeding herd.  According to 
the American Association of Swine Veterinarians guidelines, achievement of this stage is based 
on four consecutive negative PRRSV RT-rtPCR tests of serum samples from 30 due-to-wean 
piglets at 30-day intervals (Holtkamp et al., 2011).  This approach assumes that sampling 30 
piglets will detect ≥ 1 viremic piglet(s) with 95% confidence if prevalence is ≥ 10% (Cannon and 
Roe, 1982).  However, some herds that met these criteria tested again positive for PRRSV, with 
what appears to be the original outbreak virus, as determined by open reading frame (ORF)-5 
sequencing , which implies that the virus was present at low prevalence but undetected in the 
breeding herd (Linhares et al., 2014).    
Producers and veterinarians need clear and reliable indicators regarding progress towards 






need, the objectives of this study were to characterize the distribution of PRRSV-viremic piglets 
in litters within farrowing rooms and, based on the findings, model and compare the efficiency of 
PRRSV farrowing room monitoring strategies based on individual piglet serum sampling.   
Material and Methods 
Study Design 
A cross-sectional study was performed in 12 breed-to-wean sow farms (Table 2.1) in 
which serum samples (n = 4,510) were collected from all piglets in selected litters (n = 422) in 
23 farrowing rooms and tested individually for PRRSV RNA.  Participants in the study 
represented a convenience sample of farms located in Iowa, Illinois, and Minnesota, USA.  The 
management responsible for each farm agreed to participate and provide the required data.  Data 
collected included sow parity (provided for 269 of 422 litters), litter age, number of piglets 
within a litter, piglet gender (provided for 2,337 piglets in 210 litters), and farrowing crate 
location within the farrowing room.  The results were modeled to estimate the number of litters 
and piglets within litters needed to detect ≥ 1 PRRSV-positive piglet(s) in a farrowing room with 
90%, 95%, and 99% confidence, using different sampling approaches.  This study was approved 
by the Iowa State University Office for Responsible Research under protocol #4-16-8240-S. 
Sample Collection and Handling 
All samples were collected between May 2017 and September 2019.  Blood samples 
were collected from piglets via jugular venipuncture using a single-use sterile blood collection 
system (B.D. Vacutainer™, Thermo Fisher Scientific, Waltham, MA, USA).  Immediately 
following collection, samples were labeled by farm, collection date, and farrowing crate 
information (position within a farrowing room).  Collected samples were maintained at 4°C - 






laboratory for processing within 24 hours.  In the laboratory, samples were centrifuged for 10 
min at 1600 x g, and then serum samples were submitted for PRRSV RNA testing. 
Diagnostic Testing 
Serum samples were tested for PRRSV RNA by real-time reverse-transcriptase 
polymerase chain reaction (RT-rtPCR) using routine testing procedures at the Iowa State 
University (Ames, IA) or University of Minnesota (St. Paul, MN) Veterinary Diagnostic 
Laboratories.  In brief, nucleic acids were extracted using the KingFisher® Flex automated 
magnetic particle processor system (Thermo Fisher Scientific) and a commercial extraction kit 
MagMAX™ Pathogen RNA/DNA Kit (Thermo Fisher Scientific), as directed by the 
manufacturer.  PRRSV RT-rtPCR was performed on nucleic acid extracts using the MagMAX™ 
North American (N.A.) and European (E.U.) PRRSV-specific PCR assay (Thermo Fisher 
Scientific). 
Statistical Analysis 
The distribution of PRRSV-viremic piglets among litters within farrowing rooms was 
evaluated for population homogeneity and for spatial clustering.  Population homogeneity 
implies that within-litter prevalence should be similar.  Spatial clustering occurs if viremic 
piglets are in closer proximity than would be expected by chance.  Statistical analysis was 
conducted using the statistical software R version 3.5.2. (R Core Team, 2018). 
To test for population homogeneity, N was the total number of piglets within a room and 
𝑀 the total number of litters.  Homogeneous disease distribution implies that the viremic status 
of each piglet in the room (either being viremic or not) follows an identical probabilistic 
distribution, with the total number of positive piglets determined by prevalence.  Under the 
hypothesis of homogeneity, the probability of disease occurrence of the 𝑗-th piglet (𝑗 =






prevalence should likewise be similar.  Hence, with 𝑝𝑖 representing the within-litter prevalence 
of the 𝑖-th litter, the null and alternative hypotheses were:  
 
𝐻0: 𝑝1 = 𝑝2 = ⋯ = 𝑝𝑀                          Equation 1 
𝐻𝑎: there exists at least one inequality in 𝐻0. 
 
In this scenario, the null hypothesis was rejected if the p-value of Fisher's exact test is ≤ 
0.05 (i.e., disease occurrence is not homogeneous); otherwise, the null hypothesis is accepted.   
The presence of clustering was assessed using a permutation test to compare the locations 
of observed viremic piglets to locations determined by random allocation (Turnbull et al., 1990).  
Piglet location was based on the two-dimensional x-y coordinates of its farrowing crate.  For 
example, the location of a farrowing crate in the 2nd row and 5th crate would be (x = 2, y = 5).  
As illustrated in Figure 2.1, the spatial center of disease for each farrowing room, or disease 
centroid, was calculated as the arithmetic means of the x and y coordinates of the viremic piglets.  
Each viremic piglet was included in the estimation of the arithmetic mean, regardless of the 
number of viremic piglets in a litter.  The following permutation test was performed to test for 
the null hypothesis of random disease distribution versus the alternative hypothesis of clustered 
disease distribution:  
1. For each farrowing room, the Euclidean distance (𝐷𝑜𝑏𝑠) between a viremic piglet and the 
disease centroid was calculated from the observed data (Figure 2.1).  The mean Euclidean 
distance (?̅?𝑜𝑏𝑠) for the farrowing room was the average (𝐷𝑜𝑏𝑠) among all viremic piglets.    
2. To test for clustering, all piglets in the farrowing room were randomly permuted (re-






observed data.  The mean Euclidean distance between the permuted viremic piglets and 
the disease centroid was then calculated for each iteration (?̅?𝑏
∗).  This process was reported 
for a total of B = 10,000 iterations to get a reference distribution of the mean Euclidean 
distances under the null hypothesis of complete spatial randomness, i.e., of ?̅?∗: ?̅?1
∗, ⋯ , ?̅?𝐵
∗ . 
3. The p-value was calculated as the proportion of ?̅?∗ that were as extreme as, or more 






𝑏=1 .  The distribution of viremic piglets 
was considered clustered if p < 0.05.  
Risk factor analysis of the effect of litter size and parity on the probability that a litter 
would contain ≥ 1 PRRSV-viremic piglet(s) was performed using mixed-effect logistic 
regression analysis with farm considered a random effect (R package lme4 function 'glmer') 
(Bates et al., 2015).  A similar model was used to evaluate the effect of litter size and parity on 
the PRRSV within-litter prevalence with farm considered a random effect.  
At the litter level, the number of viremic piglets followed a 𝐵𝑖𝑛𝑜𝑚𝑖𝑎𝑙 (𝑙𝑖𝑡𝑡𝑒𝑟. 𝑠𝑖𝑧𝑒, 𝜋) 
distribution with 𝑙𝑖𝑡𝑡𝑒𝑟. 𝑠𝑖𝑧𝑒 being the number of piglets in that litter and 𝜋 being the within-
litter prevalence.  In the analysis, the log-transformed 𝜋 was modeled with two binary fixed 
effects: first parity sow (Y/N) and litter size (small litter size: ≤ 12 piglets; large litter size: > 12 
piglets).  The litter size threshold of ≤ 12 piglets was established on the basis of the contrast of 
within-litter prevalence by litter size, as shown in the histogram (Figure 2.2), i.e., few positive 
litters were observed in litters of ≥ 12 piglets. 
 







The power of detection (POD) for simple random sampling (SRS), two-stage stratified 
sampling (2SS), and risk-based sampling (RBS) was estimated by computer simulations based 
on the study dataset, i.e., 525 viremic piglets among 4,510 piglets in 422 litters in 23 rooms in 12 
breed-to-wean sow farms.  For SRS, a given number of piglets (n.sample) were randomly 
selected without replacement within a room.  If ≥ 1 positive piglet(s) was detected in one 
simulation, the trial was regarded as a "success." For each n.sample, the proportion of successful 
trials (10,000 iterations) was the POD.  This process was continued until the n.sample that 
achieved 90%, 95%, and 99% POD was determined.  The POD for 2SS and RBS differed only in 
the simulated sampling procedure.  For 2SS, the first stage was to randomly select litters (strata), 
and the second stage was to randomly select piglets within litters.  If n.sample was less than or 
equal to the total number of litters, then n.sample litters were selected without replacement in the 
first stage, and one piglet was sampled from within each litter in the second stage.  If n.sample 
was greater than the total number of litters, then all litters were included in the first stage, and a 
single piglet was randomly sampled from each litter in the second stage.  Thereafter, the 
remaining samples were selected randomly (litter and piglet within litter) until n.sample piglets 
were sampled (without replacement).  Likewise, RBS used a two-stage approach, but unlike the 
random selection in the first stage of 2SS, RBS first targeted high-risk litters (as determined by 
the results of the risk factor analysis).  If no more high-risk litters were available, 2SS was then 
used to complete the number of piglets to be sampled (n.sample). 
To expand sample size estimates beyond the study data, simulations were performed in R 
to estimate sample sizes for the detection of ≥ 1 positive piglet over a range of PRRSV 
prevalence (1% to 25%), a range of piglet population sizes (100 to 600), and power of detection 






considering the various risk factor combinations when simulating data could be over 
complicated. Simulations were performed for two scenarios, i.e., random distribution and 
clustering of viremic piglets in the fewest possible litters.  For each of 1,000 iterations, viremic 
piglets were "re-distributed" (randomly or clustered), after which 1,000 "samplings" were 
performed.  Within the simulation modeling, each litter was assumed to contain 10 piglets.   
Results 
In 12 PRRSV-endemic farms (A through L, Table 2.2), a total of 4,510 piglets in 422 
litters were tested for PRRSV RNA (Figure 2.3).  Positive litters (n = 112, 26.5%) contained a 
total of 1,080 piglets, of which 525 were viremic (48.6%).  Piglet gender information was 
recorded for 2,337 piglets in 210 litters, of which 253 piglets (140 of 1,139 females and 113 of 
1,198 males) were viremic.  Among positive litters, 26.8% (n = 30) had one PRRSV positive 
piglet; 28.6% (n = 32) had two to four positive piglets; and 44.6% (n = 50) had five to 14 
positive piglets (Table 2.2).  The distribution of within-litter prevalence among the 112 litters is 
given in Figure 2.4.  Statistical analysis of the distribution of PRRSV-viremic piglets within 
rooms at each farm revealed a non-homogeneous distribution in all rooms, with the exception of 
Farm A room 4 (p > 0.05) (Table 3).  Cluster analysis revealed clustering of viremic piglets in 11 
of 16 rooms (p ≤ 0.05) (Table 2.3).  
Based on the mixed-effect logistic regression model analysis, the odds of first parity sows 
having litters with ≥ 1 viremic piglet(s) was 4.12 (95% CI: 1.35-12.61), i.e., 15 positive litters 
among 45 (33.3%) first parity sows versus 57 of 224 (25.4%) positive litters in multiparous sow 
litters.  Likewise, first parity sows had a higher proportion of viremic piglets in their litters 
(17.4%) than multiparous sows (14.8%).  Thus, litters from first parity sows had, on average, 
24.6% higher within-litter PRRSV prevalence versus multiparous sows adjusted by litter size and 






the odds of viremic piglets in small litters (≤ 12 piglets, n = 328 litters, average 9.80 piglets) was 
3.22 (95% CI: 0.89-11.71) compared to large litters (> 12 piglets, n = 94 litters, average 13.78 
piglets).  Within litter prevalence in small litters was 16.2% versus 3.1% in large litters.  Thus, 
the within-litter prevalence for litters with ≤ 12 piglets was 1.56 times (95% CI: 1.11-2.21) that 
of larger litters, i.e., on average, small litters had 56.4% higher PRRSV prevalence compared to 
larger litters adjusted by parity and with farm as a random effect (> 12 piglets).   
Based on the data observed in this study, Table 2.4 shows the sample size necessary to 
detect  ≥ 1 viremic piglet(s) as a function of sampling strategy for the farm and room scenarios.  
Based on simulation modeling, sample size estimates for the detection of  ≥ 1 viremic piglet(s) 
by PRRSV prevalence, population size, and power of detection (90%, 95%, 99%) are given in 
Tables 2.5, 2.6, and 2.7 for SRS and 2SS sampling methods.   
Discussion 
An efficient approach to surveil for PRRSV-viremic piglets in presumably PRRSV-
negative herds or herds going through the process of PRRSV control or elimination has been a 
longstanding need for swine producers and veterinarians.  The challenge lies in finding the right 
balance between the investment of surveillance and the cost of failing to detect PRRSV-
circulation.  The "traditional" approach to farrowing room surveillance has based sample size on 
hypergeometric distribution (probability of success in random draws, without replacement, from 
a finite population with a specific feature) and piglet selection on simple random sampling 
(subset chosen randomly from a larger population in a manner that each individual has an equal 
chance of being selected) - an approach that assumes a homogeneous distribution of the target 
within the population.  Prior to 1950, in the US, all ages of pigs were typically raised together 
either outdoors (extensive systems) or indoors (intensive systems) (Harris, 2000). The 






but curtailed the free movement and mixing of populations of sows and piglets.  Later, the 
expansion in breeding herd inventory that marked the 1990s (USDA, 2017) led to the 
construction of farrowing facilities with multiple rooms, each with many farrowing pens/crates.  
The effect of these changes on pathogen transmission and sampling for pathogen detection have 
largely been understudied, yet needs to be understood and taken into account to achieve effective 
disease surveillance.   
The first objective of this project was to understand the pattern of PRRSV distribution 
within piglets in modern US farrowing using homogeneity and clustering analyses.  
Homogeneity in PRRSV distribution would imply that each piglet in the farrowing room had an 
identical and independent chance of being viremic.  However, this study demonstrated that the 
distribution of PRRSV-viremic piglets in modern US farrowing room facilities is rarely 
homogeneous and often clustered, with clustering of viremic piglets observed in a majority of 
cases (68.75%).   
The idea of heterogeneity in disease distribution in groups of weaned piglets is not new 
(Fano et al., 2007; Pieters et al., 2014); however, the non-homogeneous distribution of PRRSV 
among litters has not been reported previously.  Likewise, PRRSV clustering is not a new 
concept, but it is most commonly described for larger populations occupying larger spaces, e.g., 
among farms within regions (Arruda et al., 2016; Arruda et al., 2017; Arruda et al., 2018a; 
Arruda et al., 2018b).  More recently, clustering within swine wean-to-finish barns has been 
described as a spatiotemporal phenomenon (Rotolo et al., 2017).  
The current American Association of Swine Veterinarians requirement for achieving 
"PRRSV stable" status relies on the absence of viremic piglets in four consecutive monthly 






assumption that low prevalence is an indication that PRRSV is being eliminated from the 
population.  However, in one study, the original outbreak virus (based on ORF5 sequencing) was 
recovered from PRRSV stable herds; thus, low prevalence may not always lead to elimination 
(Linhares et al., 2014).  Further, a growing body of information suggests that PRRSV can be 
present in cohorts of piglets at a prevalence < 10%.  For example, Cano et al. (2008) sampled all 
piglets in randomly selected litters following whole-herd inoculation with live PRRSV.  At 4 and 
12 weeks, respectively, prevalence decreased from 8% to 2% in liveborn piglets and 23% to 7% 
in due-to-wean piglets.  Graham et al. (2013)  tested serum samples from all piglets in 44 litters 
(n = 454) in a 1,100-sow breed-to-wean farm 60 days after all sows were inoculated with live 
PRRSV and detected 3 (0.7%) viremic piglets by PRRSV RT-rtPCR.  Vilalta et al. (2018)  tested 
piglets over time post-outbreak in a 6,000-sow breed-to-wean farm, reporting that prevalence 
between weeks 11 and 23 ranged from 0.9% to 6.5%.  Collectively, these studies demonstrated 
that it is not uncommon for PRRSV infection to exist in suckling piglet populations at < 10% 
prevalence, i.e., levels below the level of detection at the current recommended sampling levels. 
Cumulatively, heterogeneity, and clustering of viremic piglets in farrowing rooms explain 
the challenges inherent in PRRSV detection, particularly as the disease prevalence declines 
during elimination programs.  Therefore, the second objective of this project was to compare the 
detection efficiency of three sampling strategies and identify the method that required the fewest 
samples to detect ≥ 1 viremic piglets.   
All probability-based sampling techniques are derived from simple random sampling 
(Salman, 2003).  Simple random sampling assumes that populations are homogeneous, i.e., 
samples are selected such that each sampling unit in the population has an equal opportunity of 






randomization (Salman, 2003).  The advantages of simple random sampling include simplicity, 
ease of use for small populations, and straightforward sample size calculations for a defined 
prevalence and probability of detection.  A major impediment to the correct implementation of 
simple random sampling on the farm is the requirement for a sampling frame (a list of all 
animals in the population from which a sample will be taken), a prerequisite that becomes 
increasingly cumbersome as the population increases in size.   
Naturally occurring homogeneous populations are rare (Finkelstein et al., 2013); more 
typically, subpopulations exist within the larger population.  Under these circumstances, 
estimating population parameters or detecting disease using simple random sampling is 
problematic because of over- or under-sampling in subgroups, particularly when sample size is 
small relative to the total population (Cannon and Roe, 1982).  Stratified sampling addresses 
population heterogeneity by dividing sampling units into strata, i.e., non-overlapping 
homogeneous subgroups (Cochran, 1977; Mazzocchi, 2008; Chambers and Clark, 2012).  
Sampling independently from each stratum or from a randomly selected subset of strata controls 
for heterogeneity, improves representativity, and produces more precise population estimates 
(Mazzocchi, 2008).   Hence, in a farrowing room, two-stage stratified sampling is based on 
randomly selecting litters and then piglets within litters. 
Risk-based sampling targets members of the population considered to be more likely to 
possess the target of interest, thereby increasing surveillance efficiency (fewer samples with 
higher probability of detection).  In this study, parity and litter size were identified as significant 
risk factors for having litters with PRRSV-viremic piglets and used to guide sample selection in 
a two-stage process.  Research on litter size as a risk factor for pathogen detection is sparse, but 






infections or increased pre-weaning mortality (Dee and Joo, 1994).  Likewise, parity one females 
and their piglets are reportedly at a higher risk of infection and clinical disease from porcine 
parvovirus (Truyen and Streck, 2019), porcine hemagglutinating encephalomyelitis virus 
(Sasseville et al., 2001; Alsop, 2006; Quiroga et al., 2008), and Mycoplasma hyopneumoniae 
(Calsamiglia and Pijoan, 2000).  In general, risk-based sampling works best when the overall 
prevalence of the infection is low (Salman, 2003), as expected during late stages of a PRRSV 
elimination program.  Disadvantages of the approach include the requirement to continually 
"update" the process with current risk factor assessments and the fact that individuals or litters 
not considered to be at risk, and therefore not be included in the sampling, can nevertheless be 
positive for the target of interest.   
The simulation model-based sample sizes reported in Tables 2.5, 2.6, and 2.7 were 
consistent with the estimates derived from the field data (Table 2.4).  Because the simulation 
modeling was able to encompass a broader range of population sizes and prevalence, these 
Tables will provide sample size guidelines for veterinarians and producers interested in 
surveilling piglet populations.  In the majority of scenarios, 2SS was more efficient than SRS, 
i.e., required fewer samples, to detect > 1 PRRSV viremic piglet regardless of prevalence, 
population size, or power of detection. 
Conclusions and implications 
This study established that PRRSV-viremic piglets in farrowing rooms are not randomly 
distributed among litters; rather, they consist of a heterogeneous population that is often 
clustered.  This presents a distinct challenge for routine surveillance methods intended to detect 
PRRSV-infected piglets.  Therefore, three surveillance sampling approaches were compared in 
terms of surveillance efficiency.  Simple random sampling was included in the evaluation 






stratified sampling was included because of the natural stratification of farrowing room 
populations by litters/crates.  Risk-based sampling was evaluated because it is perceived as a 
highly efficient approach for disease detection (Salman et al., 2002).  A direct comparison of the 
three approaches showed that simple random sampling was the least efficient strategy for the 
detection of PRRSV-viremic piglets.  Two-stage and risk-based sampling were nearly 
equivalent, with a slight advantage in favor of detection by risk-based sample.  Thus, sampling 
piglets in high-risk litters, if present, may enhance detection when using a two-stage stratified 
sampling strategy.  Ultimately, surveillance sample size and piglet selection decisions must be 
tailored to individual circumstances.  To that end, the information presented in this study, e.g., 
the sample size guidelines provided in the tables, will aid producers and veterinarians in 
developing efficient and effective survey protocols. 
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A 1,100 Continuous Yes PRRSV killed vaccine1 
B 6,500 Continuous Yes PRRS LVI2 
C 350 2-week batch 
farrow 
Yes PRRS MLV4 
D 3,000 Continuous Yes PRRSV MLV3 quarterly in 
reproductive females 
E 1,200 2-week batch 
farrow 
Yes Sows: LVI2 
Gilts: PRRSV killed vaccine1 + LVI2 
F 3,600 Continuous Yes LVI2 
G 1,100 Continuous Yes LVI2 
H 2,200 Continuous Yes LVI2 
I 5,200 Continuous Yes PRRS LVI2 
J 2,800 Continuous Yes PRRS LVI2 
K 1,750 Continuous Yes PRRS LVI2 
L 6,000 Continuous Yes - 
 
1 MJPRRS Vaccine, Phibro Animal Health Corporation (Teaneck, NJ, USA) 
2 LVI - live virus inoculation 
3 Fostera PRRS, Zoetis Animal Health (Parsippany-Troy Hills, NJ, USA) 








Figure 2.1. Elements used in the cluster analysis.In the example, the disease centroid (spatial 
center), i.e., the mean of the individual viremic piglets' location, is at x = 1.6, y = 2.2.  The 
Euclidian distance (D) between the disease centroid and the viremic piglet in the litter located at 
x = 1, y = 1 is calculated as (𝐷 =  √1.22 + 0.62). 
 
 



















Figure 2.4. Within-litter prevalence by number of positive piglets within a litter (refer to 











Table 2.2. PRRSV-viremic piglets in breeding herds: count of positive litters and positive piglets within litters 
Farm Room 









- - - - - - - - - -   number of positive piglets within positive litters   - - - - - - - - - - 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
A 1 1 - 1 3 - 2 2 2 - 1 2 - - - 14 17 90 157 
 2 2 - - 1 - - 1 - - - - - - - 4 20 13 201 
 3 2 - - - - - - 1 1 1 - - - - 5 17 29 153 
 4 - 1 - - - - - - - - - - - - 1 5 2 53 
B 1 - - - - - - - - - - - - - - 0 40 0 450 
C 1 - - - - - - - 1 - - - - - - 1 7 8 60 
 2 - - - - - - - - - - - - - - 0 7 0 78 
 3 - - - 1 - - - - - - - - - - 1 10 4 117 
D 1 - - - - - - - - - - - - - - 0 26 0 315 
E 1 3 1 - - 1 - - 1 - 2 - - - - 8 13 38 135 
F 1 - - - - - - - - - - - - - - 0 55 0 681 
G 1 - - - - - - - - - - - - - - 0 22 0 215 
 2 1 1 - - - - - - - - - - - - 2 22 3 240 
H 1 2 3 - 1 1 - - - - - 1 - - - 8 19 30 176 
I 1 2 - 1 3 3 - 2 - 1 - 1 - - - 13 24 66 271 
J 1 2 3 - 1 - 2 1 2 - 1 2 2 - 1 17 20 117 211 
 2 5 1 1 3 2 2 2 - - - - - - - 16 21 58 163 
K 1 2 - 1 - - - - - 1 - - - - - 4 7 14 67 
 2 - 1 1 - 1 - - - - - - - - - 3 19 10 222 
 3 - - - 1 1 - - - - - - - - - 2 4 7 39 
 4 8 - - 1 1 1 1 - - 1 - - - - 13 17 36 173 
L 1 - - - - - - - - - - - - - - 0 23 0 256 
 2 - - - - - - - - - - - - - - 0 7 0 77 














Population homogeneity analysis  
Clustering analysis 
Expected positive litters1 Observed positive litters 
p-value 
n 
Avg. No. of positive 
piglets per litter 
n 






A 1 90 17 0.57 14 0.66 < 0.01 N 0.684 
 2 13 20 0.06 4 0.36 < 0.01 Y 0 
 3 29 17 0.19 5 0.58 < 0.01 Y 0 
 4 2 5 0.04 1 0.20 > 0.05 N 0.185 
C 1 8 7 0.13 1 1.00 < 0.01 Y 0 
 3 4 10 0.03 1 0.33 < 0.01 Y 0.001 
E  38 13 0.28 8 0.44 < 0.01 Y 0 
G 2 3 22 0.01 2 0.14 < 0.05 N 0.219 
H  30 19 0.17 8 0.38 < 0.01 Y 0.001 
I  66 24 0.24 13 0.49 < 0.01 Y 0 
J 1 117 20 0.55 17 0.65 < 0.01 Y 0 
 2 58 21 0.36 16 0.46 < 0.01 Y 0.03 
K 1 14 7 0.21 4 0.42 < 0.01 Y 0 
 2 10 19 0.05 3 0.37 < 0.01 N 0.315 
 3 7 4 0.18 2 0.64 < 0.01 Y 0.024 
 4 36 17 0.21 13 0.28 < 0.01 N 0.329 








Table 2.4.  Sample size to detect ≥ 1 viremic piglet using simple random sampling (SRS), two-stage sampling (2SS), or risk-based 
sampling (RBS) based on observed data 
PRRSV viremic piglets (%) 57.3 55.5 35.6 28.1 24.4 20.9 20.1 17.9 17.9 17 13.3 6.5 4.5 3.8 3.4 1.3 
Farm-room A-1 J-1 J-2 E I K-1 K-4 K-3 A-3 H C-1 A-2 K-2 A-4 C-3 G-2 
Population Size 157 211 163 135 271 67 179 39 151 176 60 201 222 53 117 240 
90% 
SRS 3 3 6 8 9 10 10 10 11 13 14 32 44 37 50 127 
2SS 3 3 6 7 6 6 8 4 10 11 7 14 30 33 47 97 
RBS 3 4 6 7 5 5 7 5 10 11 7 14 27 33 46 98 
95% 
SRS 4 4 7 9 11 12 12 13 13 17 19 41 55 42 58 139 
2SS 4 4 7 8 8 8 10 5 11 13 7 17 37 38 56 114 
RBS 4 5 7 9 6 6 9 5 11 13 7 15 30 36 54 115 
99% 
SRS 6 6 10 14 14 16 17 18 19 23 26 57 76 48 79 180 
2SS 5 6 11 11 11 11 16 7 15 16 7 19 52 44 67 141 











Table 2.5.  Sample size requirements for detection of PRRSV-viremic piglets at selected prevalence scenarios with 2 different 
distribution of viremic piglets at 90% power of detection 





Distribution of viremic piglets 25 20 15 10 5 4 3 2 1 
100 
SRS 
Clustered 8 11 13 19 37 43 53 70 90 
Random 8 10 14 19 39 43 54 66 91 
2SS 
Clustered 6 7 9 9 29 37 49 63 92 
Random 7 11 12 18 35 37 49 70 88 
200 
SRS 
Clustered 8 11 14 20 38 45 61 89 135 
Random 9 10 14 21 40 50 65 86 132 
2SS 
Clustered 7 9 11 14 18 33 46 75 131 
Random 9 10 15 18 36 48 60 82 130 
400 
SRS 
Clustered 9 12 15 22 42 54 69 98 179 
Random 8 11 15 23 43 53 67 98 172 
2SS 
Clustered 7 9 12 17 28 33 36 62 151 
Random 8 11 14 22 40 49 66 93 168 
600 
SRS 
Clustered 9 11 15 22 42 53 69 106 193 
Random 9 11 15 23 42 50 70 101 186 
2SS 
Clustered 8 10 12 19 32 38 46 53 138 
Random 8 9 14 21 34 45 74 89 167 









Table 2.6.  Sample size requirements for detection of PRRSV-viremic piglets at selected prevalence scenarios with 2 different 
distribution of viremic piglets at 95% power of detection 





Distribution of viremic piglets 25 20 15 10 5 4 3 2 1 
100 
SRS 
Clustered 11 13 17 23 44 52 61 79 96 
Random 10 12 16 26 43 52 63 78 96 
2SS 
Clustered 7 8 10 10 36 45 57 72 96 
Random 9 12 14 22 37 45 51 74 96 
200 
SRS 
Clustered 11 13 19 26 49 60 78 103 154 
Random 10 13 18 26 50 63 77 104 153 
2SS 
Clustered 9 10 12 15 20 37 58 83 147 
Random 10 11 17 24 41 60 72 92 130 
400 
SRS 
Clustered 12 14 19 28 54 68 85 119 210 
Random 11 15 20 27 53 67 85 122 210 
2SS 
Clustered 9 11 15 21 31 36 38 72 167 
Random 11 14 17 24 45 60 75 97 177 
600 
SRS 
Clustered 11 15 19 29 55 70 88 129 236 
Random 11 14 19 28 53 69 87 128 235 
2SS 
Clustered 10 12 16 23 37 45 50 56 171 
Random 10 13 16 24 45 58 76 109 182 









Table 2.7.  Sample size requirements for detection of PRRSV-viremic piglets at selected prevalence scenarios with 2 different 
distribution of viremic piglets at 99% power of detection 





Distribution of viremic piglets 25 20 15 10 5 4 3 2 1 
100 
SRS 
Clustered 16 18 28 33 60 64 76 88 99 
Random 16 18 24 34 60 67 78 91 99 
2SS 
Clustered 9 9 10 10 46 58 69 85 99 
Random 12 14 22 34 46 51 69 85 97 
200 
SRS 
Clustered 15 19 26 38 68 78 103 137 180 
Random 16 20 26 39 70 85 104 128 182 
2SS 
Clustered 11 13 15 18 20 51 75 110 173 
Random 15 18 25 34 60 80 95 104 169 
400 
SRS 
Clustered 16 22 27 41 69 89 118 172 273 
Random 17 22 29 39 75 90 122 170 265 
2SS 
Clustered 13 15 20 26 36 40 40 93 205 
Random 14 20 22 34 60 78 109 150 244 
600 
SRS 
Clustered 16 21 27 41 80 97 121 191 299 
Random 18 21 28 44 80 100 128 182 317 
2SS 
Clustered 14 17 21 28 47 53 58 60 230 
Random 14 16 23 37 59 78 113 161 250 






Alf, C., Lohr, S., 2007. Sampling assumptions in introductory statistics classes. The American 
Statistician 61, 7. 
Alsop, J.E., 2006. A presumptive case of vomiting and wasting disease in a swine nucleus herd. 
Journal of Swine Health and Production 14, 97-100. 
Arruda, A.G., Friendship, R., Carpenter, J., Hand, K., Ojkic, D., Poljak, Z., 2017. Investigation 
of the Occurrence of Porcine Reproductive and Respiratory Virus in Swine Herds 
Participating in an Area Regional Control and Elimination Project in Ontario, Canada. 
Transbound Emerg Dis 64, 89-100. 
Arruda, A.G., Friendship, R., Carpenter, J., Hand, K., Poljak, Z., 2016. Network, cluster and risk 
factor analyses for porcine reproductive and respiratory syndrome using data from swine 
sites participating in a disease control program. Prev Vet Med 128, 41-50. 
Arruda, A.G., Sanhueza, J., Corzo, C., Vilalta, C., 2018a. Assessment of area spread of porcine 
reproductive and respiratory syndrome (PRRS) virus in three clusters of swine farms. 
Transbound Emerg Dis 65, 1282-1289. 
Arruda, A.G., Vilalta, C., Puig, P., Perez, A., Alba, A., 2018b. Time-series analysis for porcine 
reproductive and respiratory syndrome in the United States. PLoS One 13, e0195282. 
Bates, D., Machler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models Using 
lme4. Journal of Statistical Software 67, 1-48. 
Calsamiglia, M., Pijoan, C., 2000. Colonisation state and colostral immunity to Mycoplasma 
hyopneumoniae of different parity sows. Vet Rec 146, 530-532. 
Cannon, R.M., Roe, R.T., 1982. A Livestock Disease Surveys: A Field Manual for Veterinarians. 





Cano, J.P., Dee, S.A., Rovira, A., Muñoz-Zanzi, C., Anil, S.S., Morrison, R.B., 2008. PRRSV 
vertical transmission dynamics in an endemically infected sow-herd. American 
Association of Swine Veterinarians Annual Meeting. San Diego, California, USA, 105 - 
108. 
Chambers, R.L., Clark, R.G., 2012. An Introduction to Model-Based Survey Sampling with 
Applications. Oxford University Press Oxford, England. 
Cochran, W.G., 1977. Sampling techniques. Wiley New York. 
Dee, S.A., Joo, H.S., 1994. Recurrent reproductive failure associated with porcine reproductive 
and respiratory syndrome in a swine herd. J Am Vet Med Assoc 205, 1017-1018. 
Fano, E., Pijoan, C., Dee, S., Deen, J., 2007. Effect of Mycoplasma hyopneumoniae colonization 
at weaning on disease severity in growing pigs. Can J Vet Res 71, 195-200. 
Finkelstein, M., Cha, J.H., SpringerLink (Online service), 2013. Stochastic Modeling for 
Reliability 
Shocks, Burn-in and Heterogeneous populations. Springer Series in Reliability Engineering,. 
Springer London : Imprint: Springer,, London, XIV, 388 p. 348 illus. 
Graham, J., Rademacher, C., Swalla, R., 2013. Use of oral fluid sampling in suckling pigs for 
PRRSV monitoring. In, 44th AASV Annual Meeting, San Diego, CA, 83. 
Harris, D.L., 2000. Multi-Site Pig Production. Iowa State University Press Ames, IA. 
Holtkamp, D., Kliebenstein, J., Neumann, E., Zimmerman, J., Rotto, H., Yoder, T., Wang, C., 
Yeske, P., Mowrer, C., Haley, C., 2013. Assessment of the economic impact of porcine 
reproductive and respiratory syndrome virus on United States pork producers. Journal of 





Holtkamp, D., Polson, D., Torremorell, M., Morrison, R., Classen, D., Becton, L., Henry, S., 
Rodibaugh, M.T., Rowland, R.R., Snelson, H., Straw, B., Yeske, P., Zimmerman, J., 
2011. Terminology for classifying swine herds by porcine reproductive and respiratory 
syndrome virus status. J Swine Health Prod 19, 44-56. 
Keffaber, K.K., 1989. Reproductive failure of unknown etiology. American Association of 
Swine Practitioners Newsletter 1, 1-10. 
Linhares, D.C., Cano, J.P., Torremorell, M., Morrison, R.B., 2014. Comparison of time to 
PRRSv-stability and production losses between two exposure programs to control PRRSv 
in sow herds. Prev Vet Med 116, 111-119. 
Mazzocchi, M., 2008. Statistics for marketing and consumer research. SAGE Los Angeles. 
Pieters, M., Cline, G.S., Payne, B.J., Prado, C., Ertl, J.R., Rendahl, A.K., 2014. Intra-farm risk 
factors for Mycoplasma hyopneumoniae colonization at weaning age. Vet Microbiol 172, 
575-580. 
Quiroga, M.A., Cappuccio, J., Piñeyro, P., Basso, W., Moré, G., Kienast, M., Schonfeld, S., 
Cáncer, J.L., Arauz, S., Pintos, M.E., Nanni, M., Machuca, M., Hirano, N., Perfumo, C.J., 
2008. Hemagglutinating encephalomyelitis coronavirus infection in pigs, Argentina. 
Emerging infectious diseases 14, 484-486. 
R Core Team, 2018. R: A language and environment for statistical computing.  R Foundation for 
Statistical Computing, Vienna, Austria. 
Rotolo, M.L., Sun, Y., Wang, C., Giménez-Lirola, L., Baum, D.H., Gauger, P.C., Harmon, K.M., 
Hoogland, M., Main, R., Zimmerman, J.J., 2017. Sampling guidelines for oral fluid-based 





Salman, M.D., 2003. Animal disease surveillance and survey systems : methods and 
applications. Iowa State Press Ames, Iowa. 
Sanhueza, J., Vilalta, C., Corzo, C., Arruda, A., 2019. Factors affecting Porcine Reproductive 
and Respiratory Syndrome virus time-to-stability in breeding herds in the Midwestern 
United States. Transboundary and Emerging Diseases 66, 823-830. 
Sasseville, A.M.-J., Gélinas, A.-M., Sawyer, N., Boutin, M., Dea, S., 2001. Biological and 
Molecular Characteristics of an HEV Isolate Associated with Recent Acute Outbreaks of 
Encephalomyelitis in Quebec Pig Farms. In: Lavi, E., Weiss, S.R., Hingley, S.T. (Eds.), 
The Nidoviruses: Coronaviruses and Arteriviruses. Springer US, Boston, MA, 57-62. 
Torremorell, M., Moore, C., Christianson, W., 2002. Establishment of a herd negative for 
porcine reproductive and respiratory syndrome virus (PRRSV) from PRRSV-positive 
sources. J Swine Health Prod 10, 153-160. 
Tousignant, S.J., Perez, A., Morrison, R., 2015. Comparison between the 2013-2014 and 2009-
2012 annual porcine reproductive and respiratory syndrome virus epidemics in a cohort 
of sow herds in the United States. Can Vet J 56, 1087-1089. 
Truyen, U., Streck, A.F., 2019. Parvoviruses. In: Zimmerman, J.J., Karriker, L.A., Ramirez, A., 
Schwartz, K.J., Stevenson, G.W., Zhang, J. (Eds.), Diseases of Swine. 611-621. 
Turnbull, B.W., Iwano, E.J., Burnett, W.S., Howe, H.L., Clark, L.C., 1990. Monitoring for 
clusters of disease: application to leukemia incidence in upstate New York. Am J 
Epidemiol 132, S136-143. 
USDA, United States Department of Agriculture – Animal and Plant Health Inspection Service, 





USDA, United States Department of Agriculture – Animal and Plant Health Inspection Service, 
2017. National Animal Health Monitoring System. Swine 2012: Changes in the US pork 
industry, 1995-2012. 
Vilalta, C., Sanhueza, J., Alvarez, J., Murray, D., Torremorell, M., Corzo, C., Morrison, R., 
2018. Use of processing fluids and serum samples to characterize porcine reproductive 
and respiratory syndrome virus dynamics in 3 day-old pigs. Vet Microbiol 225, 149-156. 
Wensvoort, G., Terpstra, C., Pol, J.M., ter Laak, E.A., Bloemraad, M., de Kluyver, E.P., Kragten, 
C., van Buiten, L., den Besten, A., Wagenaar, F., 1991. Mystery swine disease in The 
Netherlands: the isolation of Lelystad virus. The Veterinary quarterly 13, 121-130. 
Zimmerman, J., Benfield, D., Dee, S., Murtaugh, M., T, S., Stevenson, G., Torremorell, M., 
2012. Porcine Reproductive and Respiratory Syndrome Virus (Porcine Arterivirus). In: 
Zimmerman, J., Karriker, J.A., Ramirez, A., Schartz, K.J., Stevenson, G.W. (Eds.), 








CHAPTER 3.    COLLECTING ORAL FLUID SAMPLES FROM DUE-TO-WEAN 
LITTERS 
M. N. Almeida1; H. Rotto2; P. Schneider2; C. Robb2; J. J. Zimmerman1; D. J. Holtkamp1; C. J. 
Rademacher1; D. C. L. Linhares1 
 
1Department of Veterinary Diagnostic and Production Animal Medicine,  
College of Veterinary Medicine, Iowa State University, Ames, Iowa 50011; 2Innovative 
Agriculture Solutions, LLC, Ames, IA 
 
Modified from a manuscript published in Preventive Veterinary Medicine  
 
Abstract 
Oral fluids are a common diagnostic sample in group-housed nursery, grow-finish, and 
adult swine. Although oral fluids from due-to-wean litters could be a valuable tool in monitoring 
pathogens and predicting the health status of pig populations post-weaning, it is generally not 
done because of inconsistent success in sample collection. The objective of this study was to 
determine the optimum procedure for collecting oral fluid samples from due-to-wean litters. 
Successful collection of oral fluids from due-to-wean litters using "Litter Oral Fluid" (LOF) or 
"Family Oral Fluid" (FOF) sampling techniques were compared in 4 phases involving 920 
attempts to collect oral fluids. Phase 1 testing showed that prior exposure to a rope improved the 
success rates of both LOF (33.4%) and FOF (16.4%) techniques. Phase 2 determined that longer 
access to the rope (4 hours vs 30 minutes) did not improve the success rate for either LOF or 
FOF. Phase 3 evaluated the effect of attractants and found that one (Baby Pig Restart®) 
improved the success rate when used with the FOF technique. Phase 4 compared the success 





trained and rope treated with Baby Pig Restart®) vs standard FOF. No difference was found 
between the FOF-based techniques, but both were superior to the "optimized LOF" technique. 
Thus, FOF-based procedures provided a significantly higher probability of collecting oral fluids 
from due-to-wean litters (mean success rate 84.9%, range 70% to 92%) when compared to LOF-
based methods (mean success rate 24.1%, range 16.5% to 32.2%). 
Introduction 
Oral fluids samples offer advantages over serum from individual pigs for surveillance of 
swine populations: (1) they are easily collected by a single person; (2) they can be obtained 
without stress or risk to pigs or people; (3) at the population level, they provide a higher 
probability of detection than an equal number of serum samples, and (4) they can be used to 
screen populations for a variety of pathogens using nucleic acid-based or antibody-based testing 
(Prickett et al., 2008a; Prickett et al., 2008b; Kittawornrat et al., 2010b; Detmer et al., 2011; 
Prickett et al., 2011; Kittawornrat et al., 2012; Romagosa et al., 2012; Giménez-Lirola et al., 
2013; Goodell et al., 2013; Mur et al., 2013; Panyasing et al., 2013; Vosloo et al., 2015; 
Bjustrom-Kraft et al., 2016; Gimenez-Lirola et al., 2016; Panyasing et al., 2016b). For these 
reasons, testing of oral fluids has been used extensively in group-housed growing pigs and adult 
animals (boars and gilts/sows). Although the collection of oral fluids from due-to-wean litters, 
i.e., litters within two days of weaning, would allow producers to improve surveillance in this 
age group and anticipate postweaning infectious disease challenges, a practical technique for 
collecting oral fluids from suckling piglets has not been described (Kittawornrat et al., 2014; 
Panyasing et al., 2016a). Thus, the objective of this study was to identify the optimum procedure 





Material and Methods 
Study Design 
Specific variables were evaluated for their impact on the success of ‘litter oral fluid’ 
(LOF) and ‘family oral fluid’ (FOF) collections in due-to-wean litters (Figure 1). LOF samples 
were collected by hanging a cotton rope in the farrowing crate so that the piglets, but not the 
dam, had access. FOF samples were collected by hanging the rope in a position that allowed 
access to both the sow and her piglets. For both LOF and FOF, the rope was hung between 6:00 
am and 7:00 am, with three unravelled strands hanging one inch from the floor for ≥ 30 minutes, 
after which oral fluids were harvested by grasping the rope and pulling it from a gallon plastic 
bag through clenched fingers. Fluids that pooled in the bag were then poured into a 50-mL 
conical centrifuge tubes (Fisher Scientific, Pittsburgh, PA, USA) for transport and storage. 
Variables recorded for each sampling included oral fluid sample volume, litter age, sow parity, 
and the number of piglets within the litter.  
The study was divided into 4 phases and consisted of a total of 920 attempts to collect 
oral fluids attempts from due-to-wean litters in a 5,500 breed-to-wean sow farm. Treatments 
included prior exposure (Phase 1), duration of rope exposure (Phase 2), and the use of attractants 
(Phase 3). Phase 4 consisted of a comparison of the optimized LOF vs. optimized FOF vs. 
standard FOF (SFOF). In each phase, treatments were evaluated and compared in terms of their 
impact on LOF and FOF success rates. A successful collection was defined as a sample 
containing ≥ 1 ml of fluid. The study was conducted with the approval of the Iowa State 
University Institutional Animal Care and Use Committee (#4-16-8240-S). 
Phase 1 – Effect of prior experience 
To evaluate the effect of prior experience, collections were attempted on litters (LOF, n = 





considered the day of first experience; the second rope exposure (Day 1) was used to evaluate the 
effect of prior experience. On both days, litters or families were provided ≥ 30 minutes of rope 
exposure before oral fluids were collected, as described above. The success rates of LOF and 
FOF collection were compared between day 0 and 1 (no experience vs. prior experience). 
Phase 2 – Effect of duration or rope exposure 
Duration of rope exposure was evaluated for its effect on the success rate of oral fluid 
sampling by allocating 120 litters to either a 30-minute (FOF, n = 30 families; and LOF, n = 30 
litters) or a 4-hour (FOF, n = 30 families; and LOF, n = 30 litters) exposure. The success rate by 
exposure time was compared within each technique. 
Phase 3 – Effect of attractant 
The effect of attractants on the success rate of oral fluid collection was evaluated using 
rope treated with a peanut butter solution (Jif Creamy Peanut Butter, Lexington, KY, USA) 
(FOF, n = 30 families; and LOF, n = 30 litters), a commercial baby pig supplement (Baby Pig 
Restart®, Tech Mix LLC, Stewart, MN, USA) (FOF, n = 30 families; and LOF, n = 30 litters), or 
untreated control (FOF, n = 30 families; and LOF, n = 30 litters). To apply the attractants to the 
ropes, peanut butter and commercial baby pig supplement solutions were prepared by thoroughly 
mixing 200 grams of product with one liter of water. Ropes were immersed in this solution until 
fully soaked, dried at room temperature overnight, and used on the farm the following day. All 
groups were exposed to cotton ropes for 30 minutes. The success rate of oral fluid collection was 
compared among litters and families exposed to control ropes (no attractants), peanut butter-
treated ropes, and baby pig supplement-treated ropes. 
Phase 4 – Comparison of the success rate of “optimized” LOF and FOF protocols 
Based on the results from the previous phases, "optimized LOF" and "optimized FOF" 





family to a cotton rope for 30 minutes with no prior experience or added attractant to the ropes. 
Each protocol was tested in 100 litters. 
Statistical Analysis 
Descriptive analyses were performed at each phase of the study. For phases 1 through 3, 
the success rate of oral fluid collection (LOF or FOF) was compared using the chi-square test. 
The Fisher’s exact test was used when one of the cells had a frequency count < 5. When the p-
value of chi-square tests from phases 1-3 was ≤ 0.20, the analyzed effect was considered to have 
a potential impact on the success rate of FOF or LOF and that treatment was included in the 
protocol for Phase 4. In Phase 4, the risk ratio of successful oral fluid collection (volume greater 
or equal to 1 ml) was evaluated using PROC Genmod of SAS 9.4 package (SAS Institute, Inc., 
Cary, NC). Standard Family Oral Fluid (SFOF) sampling was used as the reference category for 
Phase 4. 
For phases 1 through 3 a sample size of 30 litters/families per treatment was calculated to 
provide an 80% confidence level for detecting a difference in proportion of 20 percentage points 
with 80% of statistical power. For phase 4 a sample size of 100 litters/families per treatment was 
calculated to provide a 95% confidence level for detecting a different in proportion of 15 
percentage points with 80% of statistical power. 
Univariate analyses were conducted to compare the success rates between treatment 
groups. Multivariate models were used to evaluate the effect of litter age, sow parity, and number 
of piglets in the litter on success rates. To obtain the final model, a hierarchical backward 
elimination approach was used. The Wald 95% confidence interval (CI) was computed around 
the risk ratio. The Wald Chi-Square test was used to determine the p-values of the risk ratio on a 
two-tailed test. The number of piglets in the litter was not recorded for phase 3 and therefore is 






In Phase 1, prior experience had a positive effect on both LOF and FOF sampling with 
33.4% and 16.6% improvement, respectively (Table 3.1). In Phase 2, longer rope exposure did 
not improve oral fluid collection for either LOF or FOF techniques (Table 3.2). In Phase 3, the 
use of attractant-treated rope did not result in a significant improvement of the collection success 
rate for LOF when compared to untreated ropes. In contrast (Table 3.3), the success rate for FOF 
collection was highest for ropes treated with the baby pig supplement (96.7%), followed by 
untreated ropes (86.7%), and peanut butter-treated ropes (70.0%) (p < 0.2). Based on the results 
of phases 1 - 3, the "optimized LOF" protocol consisted of exposing litters to a rope one day 
prior to the collection day. "Optimized FOF" consisted of giving the family prior exposure and 
baby pig supplement-treated ropes. Pairwise comparisons of improved LOF, improved FOF, and 
standard FOF (SFOF), found no significant difference in the success rates for FOF protocols, but 
both FOF techniques were superior to the optimized LOF protocol (Table 3.4). The risk ratio for 
a successful collection of optimized LOF and optimized FOF compared to SFOF was 0.427 
(95% CI: 0.329, 0.554) and 1.056 (95% CI: 0.970, 1.150), respectively. Analyses found no 
association between sow parity, litter age, or litter size and successful collection of oral fluids for 
any protocol (p > 0.05). Likewise, univariate models for sow parity, litter age, or litter size were 
not significant (p > 0.05) indicating none were associated with successful collection of oral fluids 
from due-to-wean litters. 
Discussion 
Collecting and testing oral fluids from pigs for porcine reproductive and respiratory 
syndrom virus (PRRSV) was first described by Prickett et al. (2008a). Subsequently, oral fluid-
based protocols for infectious disease diagnostics and surveillance have been described for a 





2008b; Kittawornrat et al., 2010a; Kittawornrat et al., 2012; Ramirez et al., 2012; Kittawornrat et 
al., 2013; Olsen et al., 2013; Decorte et al., 2014; Kuiek et al., 2015; Biernacka et al., 2016; De 
Regge and Cay, 2016; Rotolo et al., 2017). Oral fluid sampling provides distinct advantages over 
individual pig sampling: 1) samples can be collected by a single person; 2) samples can be 
collected without stress or risk to pigs or people; 3) oral fluid samples provide for a higher 
probability of detection without increasing sample numbers or testing costs. Since the 
introduction of oral fluid testing in three US veterinary diagnostic laboratories (Iowa State 
University, South Dakota State University and University of Minnesota) the number of tests 
performed increased steadily from 20,963 tests in 2010, 70,996 in 2011, 125,202 in 2012, 
190,606 in 2013, 325,481 in 2014, 352,911 in 2015, and 369,439 in 2016 (Bjustrom-Kraft et al., 
2018). The temporal trend of increasing numbers of tests supports the conclusion that producers 
and veterinarians find utility in this approach.  
Despite the advantages of oral fluid-based monitoring, there are few published reports on 
the collection of oral fluid samples from suckling piglets (Graham et al., 2013b; Kittawornrat et 
al., 2014; Yeske-Livermore et al., 2014a; Boulbria et al., 2016; Panyasing et al., 2016a). This can 
be attributed to the fact that collecting oral fluid samples from suckling piglets is not as easy and 
consistent as it is in older pigs. Thus, the objective of this study was to identify the optimal 
procedure for collecting oral fluid samples from due-to-wean litters. This process included the 
evaluation of prior exposure, use of attractants, and duration of rope exposure on the success rate 
of oral fluids collection using either of two approaches (family oral fluids versus litter oral 
fluids).  
The most significant finding of this study was the observation that family oral fluids were 





successful oral fluid sampling, regardless of pig age. That is, pigs pay close attention to the 
behaviors of conspecifics in their social group and actions by one member of the group often 
induce the same or similar behavior in other animals (Stolba and Woodgush, 1989). In family 
oral fluid collection, the sow in each family chewed on the rope first and piglets followed suit. 
Whether or not they had previously been involved in oral fluid sampling, sows are experienced 
explorers and willing to evaluate new objects in their environment.  In contrast, litter oral fluid 
sampling requires one or more piglets in the litter to initiate an interaction with the rope; 
hopefully prompting littermates to do likewise. The fact that observing or participating in a 
behavior is an important mechanism of social vertical learning for piglets (Oostindjer et al., 
2011) may explain why the success rate of the litter oral fluid protocol was consistently lower 
than the family oral fluid protocol.  The absence of a statistical difference, despite a numeric 
difference, between the optimized family oral fluid and standard oral fluid protocols (Table 3.4) 
may be explained by sample size (n = 100 for each), plus the fact that all ‘families’ were present 
in the same farrowing rooms, i.e., sows and piglets in the "standard" family oral fluid group may 
have learned by watching the behavior of the optimized FOF group because both groups were in 
the same environment (farrowing rooms).  
Longer exposure time did not improve the success rate of oral fluid collection for either 
LOF or FOF protocols, whereas prior exposure was shown to increase the success rate for both. 
This is in agreement with other studies in which prior exposure of individually housed boars 
(Kittawornrat et al., 2010b), sows (Pepin et al., 2015), and feeder pigs (White et al., 2014) 
improved oral fluid collection, thereafter. White et al. (2014) found that groups of pigs without 
prior exposure took more time (approximately 60 min) to achieve a similar level of rope 





minutes). In the same study, about 30% of the animals never interacted with the rope during the 
observation period. In the present study, the FOF the success rate was ~70% for both the 30 
minute and 4 hour exposures, which was similar to (White et al., 2014).  In contrast, LOF 
achieved 23.3% and 33.6% success rates with 30 minute and 4 hours of rope exposure, 
respectively.  
A commercial baby pig supplement (Baby Pig Restart®) was effective in increasing the 
success rate of oral fluid for FOF, but not LOF. In a review of the literature (Kittawornrat and 
Zimmerman, 2011) found that sweet tastes, e.g., sucrose, glucose, and lactose, were generally 
preferred by pigs. The commercial baby pig supplement contained both sucrose and lactose, 
which may explain the higher collection success rate in families (sow and piglets) exposed to 
that treatment versus peanut butter or control ropes. The piglets exposed to LOF should have had 
the same taste preferences, but young piglets learn from conspecifics (Figueroa et al., 2013) and 
these piglets lacked experienced conspecifics, e.g., sows, to demonstrate rope chewing. The 
attractants in this study were limited to peanut butter and baby pig supplement, but there is a 
wide range of possibilities and it may be productive to evaluate other attractants in future 
research. Pigs prefer baits containing plant-derived compounds, especially corn meal, over 
animal-derived compounds, with no aroma preference among apple, corn, almond, hazelnut, 
truffle or potatoes (Rossi et al., 2015).  
Altogether, these results suggested that the family protocol is the best option for 
collecting oral fluids from due-to-wean litters. Collection can be successful using a standard 
technique (success rate 89%), or enhanced by adding flavor to the ropes (baby pig supplement: 
success rate 96.7%), with prior exposure (success rate 83.3%), or combining both (optimized 





Samples collected using “family” based techniques contain oral fluids from both the sow 
and piglets. It was not the goal of the current study to investigate to what proportion sow and 
piglets contribute to the final sample. It is also important to note that not all piglets within a litter 
may add to the oral fluid samples either on FOF or LOF techniques. Yeske-Livermore et al., 
(2014) reported that 54% of piglets interacted with ropes using FOF without prior exposure 
(Yeske-Livermore et al., 2014a). The sow contribution to the oral fluid and the uncertainty about 
the number of piglets contributing to the sample may have significant implications on the 
probability of infectious disease detection for FOF and LOF based monitoring and surveillance 
protocols. However the detection of anti-PRRSV antibodies in FOF (Yeske-Livermore et al., 
2014a) demonstrated the potential of this sample type for surveillance in breeding herds. 
This study was executed in one farm only and does not account for other farm-specific 
factors that could influence (for better or worse) the success rate of oral fluid collection.   
Conclusions and implications 
The success rate for family oral fluid (FOF) sampling was significantly and consistently 
higher (84.9%, range 70% to 92%) than for litter oral fluid (LOF) sampling (24.1%, range 16.5% 
to 32.2%). The use of prior exposure or Baby Pig Restart enhanced the success rate of oral fluid 
collections and could be used in addition to FOF in herds with a low success rate (<90%). 
Family oral fluid-based techniques can be a new tool applied to monitoring and surveillance 
systems of pathogens in swine breeding herds.  
Acknowledgements / Funding 
This study was funded by Boehringer Ingelheim Animal Health Inc., through the 
Advances in Respiratory Disease Research Award. The Baby Pig Restart formula was kindly 








Figures and tables 
Table 3.1. Effect of prior exposure on oral fluid collection success rates in the due-to-wean litters and description of study population. 
 Litter Oral Fluid Protocol Family Oral Fluid Protocol 
 Before exposure After exposure Before exposure After exposure 
Success rate 1/30 (3%) a 11/30 (37%) b 20/30 (67%) a 25/30 (83%) b 
Median sow parity (P25, P75)1 3 (1, 6) 3 (1, 6) 4 (1, 6) 4 (1, 6) 
Median sample (ml) (P25, P75) 0 (0, 0) 0 (0, 2) 14 (0, 21) 13 (6, 23) 
Median litter age (days) (P25, 
P75) 
17 (16, 18) 18 (17, 19) 17 (16, 18) 18 (17, 19) 
Median litter size (P25, P75) 11 (10, 12) 11 (10, 12) 10 (9, 11) 10 (9, 11) 
 
1 P25, P75 denote the 25th and 75th percentiles. 
 








Table 3.2. Effect of sampling time on oral fluid collection success rates in due-to-wean litters and description of study population. 
 Litter Oral Fluid Protocol Family Oral Fluid Protocol 
 30 minutes 4 hours 30 minutes 4 hours 
Success rate 7/30 (23%) a 10/30 (34%) a 22/30 (73%) a 20/30 (67%) a 
Median sow parity (P25, P75)1 2 (1, 4) 2 (1, 5) 2 (1, 5) 2 (1, 4) 
Median sample (ml) (P25, P75) 0 (0, 0) 0 (0, 1) 7 (0, 15) 5.5 (0, 14) 
Median litter age (days) (P25, 
P75) 
17 (17, 19) 17 (16, 18) 17 (16, 19) 18 (17, 19) 
Median litter size (P25, P75) 10.5 (9, 11) 11 (10, 12) 10.5 (9, 11) 10.5 (9, 12) 
 








Table 3.3. Effect of attractants1 on oral fluid collection success rates in due-to-wean litters and description of study population. 
 Litter Oral Fluid Protocol Family Oral Fluid Protocol 
 Control A B Control  A B 
Success rate 9/29 (31%) a 9/29 (31%) a 10/29 (35%) a 26/30 (87%) a 21/30 (70%) b 29/30 (97%) c 
Median sow parity (P25, P75)2 1 (1, 6) 3 (1, 5) 2 (1, 4) 3 (1, 5) 3 (1, 6) 4 (2, 6) 
Median sample (ml) (P25, P75) 0 (0, 1) 0 (0, 1) 0 (0, 2) 13 (4, 20) 5 (0, 17) 12.5 (6, 27) 
Median litter age (days) (P25, 
P75) 
18 (18, 19) 18 (18, 19) 18 (17, 19) 18 (17, 19) 18 (17, 19) 18.5 (17, 19) 
Median litter size (P25, P75) ND3 ND ND ND ND ND 
 
1 Cotton ropes were immersed in a (A) peanut butter solution (200 grams in one liter of water) or (B) a commercial baby pig 
supplement (Baby Pig Restart®, Tech Mix LLC, Stewart, MN), dried at room temperature overnight, and used the following day. 
 
2 P25, P75 denote the 25th and 75th percentiles. 
 
3 ND = Not Done 
 








Table 3.4. Effect of sampling protocol on oral fluid collection success rates in due-to-wean litters and description of study population. 
 
"Optimized" Litter 
Oral Fluid Protocol1 
"Optimized" Family 
Oral Fluid Protocol2 
"Standard" Family 
Oral Fluid Protocol3 
Success rate 38/100 (38%) a 94/100 (94%) b 89/100 (89%) b 
Median sow parity (P25, P75)4 3 (2, 5) 3 (1, 6) 3 (2, 6) 
Median sample (ml) (P25, P75) 0 (0, 3) 22 (9.5, 30) 19 (8, 29) 
Median litter age (days) (P25, 
P75) 
18 (17, 19) 18 (17, 19) 18 (17, 18) 
Median litter size (P25, P75) 11 (10, 12) 11 (9, 12) 11.5 (10, 13) 
 
a,b Different superscripted letters denote p < 0.05. 
 
1 Litter previously exposed to ropes and then sampled for 30 minutes using an untreated cotton rope. 
 
2 Sow and piglets previously exposed to ropes and then sampled for 30 minutes using a cotton rope treated with a 
commercial baby pig supplement (Baby Pig Restart®, Tech Mix LLC, Stewart, MN). 
 
3 Sow and piglets sampled for 30 minutes without prior exposure and using an untreated cotton rope. 
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Abstract 
The aim of this study was to compare the detection of porcine reproductive and 
respiratory syndrome virus (PRRSV) in due-to-wean litters in commercial swine breeding herds 
using "family oral fluids" (FOF) vs. individual piglet serum samples.  FOF and piglet serum 
samples were collected in 199 due-to-wean litters on six farms containing 2,177 piglets.  All 
samples were individually tested for PRRSV RNA by RT-rtPCR.  A litter was considered 
PRRSV-positive when PRRSV RNA was detected in ≥ 1 piglet serum sample or the FOF 
sample.  Mixed effect logistic regression with farm as a random effect was used 1) to evaluate 
the probability of obtaining a PRRSV RNA positive FOF as a function of the proportion of 
viremic piglets in a litter and 2) the effect of litter size and parity on the probability that a litter 
would test PRRSV RNA positive in FOF.  A Bayesian prevalence estimation under 
misclassification (BayesPEM) analysis was used to calculate the PRRSV prevalence and 95% 
credible interval given the condition that all samples (FOF and serum) tested negative.  In total, 





positive.  When all piglet serum samples within a litter tested negative, 1 of 165 FOF (0.6%) 
tested PRRSV RNA positive.  The probability of a PCR-positive FOF sample from litters with 
10%, 20%, 30%, 40%, and 50% within-litter PRRSV prevalence as 3.5%, 35.1%, 88.8%, 99.2%, 
and >99.9%, respectively.  The odds of a PCR-positive FOF in a first parity litter were 3.36 
times (95% CI: 2.10 – 5.38) that of a parity ≥ 2 litter.  The odds of a positive FOF result in a 
litter with ≤ 11 piglets were 9.90 times (95% CI: 4.62 – 21.22) that of a litter with > 11 piglets.  
FOF was shown to be an efficacious sample type for PRRSV detection in farrowing rooms. A 
risk-based approach for litter selection combined with FOF collection can be used to improve on-
farm PRRSV detection with a limited sample size, compared to sampling multiple individual 
pigs.  Finally, the BayesPEM analysis showed that PRRSV may still be present in breeding herds 
when all samples (serum and FOF) test PRRSV RNA negative, i.e., negative surveillance results 
should be interpreted with caution. 
Keywords: swine, PRRSV, monitoring, surveillance, serum, oral fluids 
Introduction 
In PRRSV elimination programs based on mass exposure of the sow herd to live wild-
type virus or modified-live virus vaccine, the prevalence of infectious breeding females declines 
over time as animals clear the infection (Torremorell et al., 2002; Torremorell et al., 2003; Corzo 
et al., 2010).  Elimination is achieved when all animals are free of PRRSV and anti-PRRSV 
antibodies.   
It has been proposed by the American Association of Swine Veterinarians in 2011 that 
breeding herd PRRSV classification should be based on clinical data coupled with PRRSV RT-
rtPCR testing of serum samples from due-to-wean piglets. Thus, a PRRSV breeding herd was 
classified as “positive stable” after four consecutive negative tests on due-to-wean piglet sera (n 





serum samples was required at each sampling in order to provide 95% confidence to detect a 
prevalence ≥ 10% (Holtkamp et al., 2011).  Inherent in this approach is the assumption that 
PRRSV cannot persist in the breeding herd at a prevalence of < 10%.  However, published data 
challenge this supposition.  For example, 3 of 825 sows (0.4%) were PRRSV PCR positive on 
serum 15 months after the initiation of a PRRSV test-and-removal elimination project (Dee et al., 
2000b).  In another herd, PRRSV was detected by virus isolation and immunohistochemistry in 1 
of 60 sows (1.7%) two years after the initial PRRSV outbreak and 6-months after herd closure 
(Bierk et al., 2001).  More recently, a longitudinal study of 56 herds detected a virus that 
matched the open reading frame (ORF)-5 sequence of the “original” herd virus in 5 herds (8.9%) 
after failing to detect PRRSV in serum samples from pre-weaning piglets over the course of 90 
days (Linhares et al., 2014) .  Altogether, these studies demonstrate that PRRSV can sustain low-
prevalence infection in breeding herds undergoing virus elimination and illustrate the need for 
improved surveillance methods. 
The collection of oral fluids for PRRSV diagnostics and surveillance was described by 
Prickett et al. in 2008 and subsequently researched extensively in growing/finishing pigs and 
adult animals (Prickett et al., 2008a; Prickett et al., 2008b; Kittawornrat et al., 2010; Kittawornrat 
et al., 2012; Ramirez et al., 2012; Kittawornrat et al., 2013; Olsen et al., 2013; Decorte et al., 
2014; Kuiek et al., 2015; Biernacka et al., 2016; De Regge and Cay, 2016; Rotolo et al., 2017).  
With a variable degree of success rate across farms, oral fluids can be collected from due-to-
wean litters.  In contrast, a consistently high success rate has been reported for the collection of 
family oral fluids (FOF) from suckling litters prior to weaning (Almeida et al., 2020).  The aim 
of this study was to compare the ability to detect PRRSV-infected litters using individual piglet 





Material and Methods 
Study Design 
This study was designed to compare the probability of detecting PRRSV RNA in FOF 
versus individual due-to-wean piglet serum samples.  FOF were collected from 199 litters in 11 
rooms on six farms (Farm A – 59 samples in three rooms; Farm B – 34 samples in one room; 
Farm C – 23 samples in three rooms; Farm D – 25 samples in one room; Farm E – 13 samples in 
one room; Farm F – 45 samples in one room).  For all farms, farrowing rooms with the litters 
closest to weaning were selected for sampling.  This study was approved by the Iowa State 
University Office for Responsible Research under protocol #4-16-8240-S. 
Sample Collection  
The study was conducted in conveniently selected farms located in Iowa and Illinois 
(Table 1).  The criteria to enroll farms was allowing access to investigators for sample collection 
in due-to-wean litters, and breeding herds classified as PRRSV-positive unstable, i.e., recent 
diagnostic evidence of viral circulation in suckling pigs. All samples were collected between 
May 2017 and September 2019.  FOF samples were collected by hanging a length of 5/8-inch 
cotton rope (Skydog Rigging Equipment, Lake in the Hills, IL, USA) in a location that allowed 
access to both the sow and her piglets.  Ropes were placed between 6:00 am and 7:00 am and 
fastened securely to farrowing crate bars using plastic ties. To encourage piglets, the rope strands 
were partially unraveled and placed so that the three strands hung approximately 2.54 cm (one 
inch) from the floor.  Ropes were left in place for at least 30 minutes, after which oral fluids 
were harvested by placing the wet end in a plastic bag and then pulling the rope from the bag 
through clenched fingers.  The fluid that pooled in the bag was then poured into a 50-mL conical 
centrifuge tube (Thermo Fisher Scientific, Waltham, MA, USA) for transport and storage.  Clean 





contamination between litters.  Blood samples were collected from all piglets in litters from 
which FOF samples were collected using a single-use sterile BD Vacutainer™ SST™ Venous 
Blood Collection Tube (Thermo Fisher Scientific) via jugular venipuncture. 
Sample Handling 
Immediately following collection, samples were labeled with key information: farm 
identification, collection date, and farrowing crate information (position within a farrowing 
room).  Collected samples were maintained at 4° to 8°C and transported to the diagnostic 
laboratory for processing within 24 hours.  In the laboratory, whole blood was centrifuged for 10 
min at 1600 x g and then serum samples were submitted for PRRSV RNA testing. 
Diagnostic Testing 
Serum and FOF samples were tested by PRRSV real-time reverse-transcriptase 
polymerase chain reaction (RT-rtPCR) at the Iowa State Veterinary Diagnostic Laboratory, 
Ames, IA using routine procedures.  In brief, nucleic acids were extracted using a KingFisher® 
Flex automated magnetic particle processor system (Thermo Fisher Scientific) and a commercial 
extraction kit MagMAX™ Pathogen RNA/DNA Kit (Thermo Fisher Scientific) according to the 
manufacture’s specifications.  Samples were extracted using the “high volume” chemistry.  The 
“high volume” lysis for PRRSV extraction contained: 100 µL of sample, 120 µL of lysis/binding 
solution concentrate, 120 µL of 100% isopropanol, 2 µL of carrier RNA (1 µg/µL), and 2 µL of 
Xeno™ RNA (10,000 copies/µL) (Thermo Fisher Scientific).  The high-volume wash steps used 
300 µL of wash buffer 1 and 450 µL of wash buffer 2.  Thereafter, the PRRSV RT-rtPCR was 
performed using the 10X PRRSV Primer Probe Mix V2 from the VetMAX™ PRRSV NA and 
EU kit (Thermo Fisher Scientific).  The assay was modified from the original kit to use 
TaqMan® Fast Virus 1-Step Master Mix (4X) (Thermo Fisher Scientific) with the addition of 





TaqMan® Fast Virus 1-Step Master Mix (4X), 0.8µL Amplitaq 360 DNA Polymerase (5U/µL), 
2.7µL of nuclease-free water, 2.0µL of the 10X PRRSV Primer Probe Mix V2, and 8.0µL of 
nucleic acid template.  Each plate included a positive extraction control, positive amplification 
control, negative extraction control, and negative amplification control.  The assay was 
conducted on the ABI-7500 Fast system (Thermo Fisher Scientific), using the 7500 Fast System 
SDS Software (Version 1.4.0.27). The ABI-7500 was set to run in fast mode, with cycling 
conditions: 5 minutes at 50°C; 20 seconds at 95°C; 40 cycles of 95°C for 3 seconds and 60°C for 
30 seconds. 
Statistical Analysis 
Statistical analyses were conducted using R software version 3.5.2. (R Core Team, 2018).  
In all analyses a litter was considered PRRSV-positive when PRRSV RNA was detected in ≥ 1 
piglet serum sample from the litter or the FOF sample from the litter.  Mixed effect logistic 
regression with farm as a random effect was used to evaluate the probability of obtaining a 
PRRSV RNA positive FOF as a function of the proportion of viremic piglets in a litter.  To 
compare detection by FOF vs. randomly selected piglet serum samples, the power of detection 
(POD) with n serum samples was calculated as POD = 1 – (1 - π)n, where π is the within-litter 
disease prevalence.  Mixed effect logistic regression was also used to evaluate the effect of litter 
size and parity on the probability that a litter would test PRRSV positive in FOF.  In these 
analyses, parity was considered binary (first parity, else not) and litter size was treated as a 
categorical variable, i.e., litters with ≤ 11 piglets were "small" and litters > 11 piglets "large".   
To estimate the prevalence in a piglet population in which all samples tested negative 
with either serum or FOF samples, a Bayesian prevalence estimation under misclassification 
method was used (Flor et al., 2020).  Assuming serum and FOF test diagnostic sensitivity and 





derived that the probability of a PCR-positive test result (p) may be calculated for serum and 
FOF samples as given in Equations 1 and 2, respectively. 
 p (serum) = se × π0 + (1 – sp) × (1 – π0)                Equation 1 
  p (FOF) = se × (1 – (1 – π0)k) + (1 – sp) × (1 – π0) k  Equation 2 
 For simple random sampling from the population, it was assumed that the number of 
positive serum (or FOF) samples followed a Binomial (p, n) distribution, where 𝑛 is the serum 
(or FOF) sample size.  Test sensitivity and specificity priors were based on data from this study, 
while the prior prevalence distribution was chosen to be non-informative: π~Beta(1,1).  The 
Bayesian method provided a way for updating prior beliefs about the unknown parameters to 
posterior beliefs based on the data.  Markov Chain Monte Carlo (MCMC) was conducted with R 
JAGS to obtain prevalence point and interval estimations (Plummer, 2003).  Finally, prevalence 
estimates (95% CI) were calculated over a range of serum and oral fluid sample sizes for the 
condition in which all samples tested PRRSV RNA negative. 
Results 
A total of 2,177 individual piglet blood samples and matching family oral fluid samples 
were collected from 199 litters in six farms (Table 4.2).  Family oral fluid sampling was 
unsuccessful in an additional 18 litters (92.7% success rate).  Based on PRRSV RNA testing, 34 
of 199 litters (17.1%) contained ≥ 1 viremic piglet(s) and 28 of 199 litters (14.1%) were FOF-
positive.  Among the 165 litters in which all piglet serum samples tested negative, one FOF 
(0.6%) tested PRRSV RNA positive.  Thus, 164 litters (82.4%) were PRRSV-negative by both 
FOF and individual piglet serum samples (Table 4.3).  As shown in Table 4.4, 23 of 24 litters 
(95.8%) with ≥ 3 viremic piglets were PRRSV RNA positive in FOF; in 10 litters with ≤ 2 
viremic piglets, 5 (50.0%) were FOF-positive.  A mixed effects logistic regression analysis based 





with 10%, 20%, 30%, 40%, and 50% within litter PRRSV prevalence as 3.5%, 35.1%, 88.8%, 
99.2%, and >99.9%, respectively (Figure 4.1).  Alternatively, the probability of detecting 
PRRSV RNA in family oral fluids was ≥ 95% when the within-litter prevalence was ≥ 33.3.%.  
Achieving ≥ 95% probability of detection using 1, 2, 3, 4, or 5 piglet serum samples would 
require within-litter prevalence of 95.0%, 77.6%, 63.1%, 52.6%, and 45.0%, respectively.    
Holding litter size constant, the odds of obtaining a PCR-positive FOF of a first parity 
litter was 3.36 times (95% CI: 2.10 – 5.38) that of a parity > 2 litter.  Holding parity constant, the 
odds of a positive FOF result for litters with ≤ 11 piglets was 9.90 times (95% CI: 4.62 – 21.22) 
that of a litter with > 11 piglets.  The results of the Bayesian prevalence estimation under 
misclassification analysis for the condition in which all samples (serum and FOF) test PRRSV 
RNA negative are presented in Table 4.5.  
Discussion 
PRRSV has caused significant economic and welfare losses in the global swine industry 
for over 30 years.  During that time, various strategies to control and eliminate the virus from 
sow herds have been proposed and implemented; none of which is perfect.  Regardless of the 
elimination strategy employed, it is critical is to accurately determine the true status of virus 
circulation in the herd.  In 2011, the American Association of Swine Veterinarians (AASV) 
PRRS Task Force described standardized nomenclature and sampling/testing procedures for 
establishing sow herd PRRSV status (Holtkamp et al., 2011).  Widely adopted by producers and 
veterinarians, the availability of standardized procedures and terminology have facilitated 
communication concerning PRRSV control and elimination.   
The 2011 AASV guidelines were based on the assumption that the PRRSV status of 
piglets at weaning is a proxy for the PRRSV status of the sow herd.  Using a classical 





monthly testing ≥ 30 piglet sera.  Today, farms attempting to produce PRRSV-negative piglets  
after an outbreak continue to use this testing strategy to determine when “stability” is achieved, 
as defined by negative PRRSV RT-rtPCR testing results over 4 consecutive samplings in a 90-
day period (Holtkamp et al., 2011).  Under the assumption of hypergeometric distribution, this 
protocol provided 95% confidence of finding ≥ 1 positive animal(s) at a prevalence of ≥ 10%.   
Producers often assume that achieving PRRSV stability implies that the virus is no longer 
being shed and transmitted within the sow herd.  Not infrequently, producers then relax 
biosecurity protocols, begin the reintroduction of PRRSV-naïve gilts, and return to cross-
fostering within and between farrowing rooms.  The influx of PRRSV-naïve animals provides 
the opportunity for PRRSV to re-establish itself in the herd when prevalence is non-zero but 
under detection threshold.  Evidence of this cycle is the detection of viruses consistent with 
historic herd isolates, as determined by ORF5 sequencing, in PRRSV stable herds (Linhares et 
al., 2014).  On the whole, this implies that PRRSV can sustain low prevalence in sow herds over 
time and suggests that currently accepted protocols are not adequate for detecting the virus under 
low prevalence conditions (Dee et al., 2000a; Bierk et al., 2001; Linhares et al., 2014).   
  An approach to PRRSV detection at prevalence < 10% is needed to avoid misclassifying 
breeding herd PRRSV status.  Increasing individual piglet serum sample size is one option, but 
the number of piglets that would need to be bled for detection at low prevalence is prohibitively 
large and a challenge for producers' fiscal and labor resources.  As given by Salman (2003), as 
prevalence approaches zero, sample sizes required for detection quickly increase toward the total 
population size.  Alternatively, oral fluids are an aggregate sample that, at a group/herd level, 
provides a higher likelihood of pathogen detection with less producer input and at a lower cost 





rope in a farrowing crate, has not been repeatable in due-to-wean piglet litters in commercial 
herds and, therefore, it has not been widely adopted by producers.  Family oral fluid collection, 
in turn, is an adaptation that takes advantage of the piglets' natural tendency to mimic their 
mother's behavior, i.e., as the dam interacts with the rope, her piglets do, as well (Yeske-
Livermore et al., 2014; Almeida et al., 2020).  Almeida et al. (2020) reported a success rate of ≥ 
91.5% (183 of 200 litters attempted) using this approach.   
Although family oral fluid samples could provide the means to increase the number of 
piglets represented in the sample, there is limited data on the detection of PRRSV in this matrix. 
Moreover, there is even less data on the herd sensitivity of FOF to detect PRRSV RNA in the 
suckling pig population. Herein, the litter level agreement between serum (199 positive litters) 
and family oral fluid (193 positive litters) samples was high (96.5%).  The probability of PRRSV 
detection in family oral fluids was dependent on the proportion of viremic piglets in the litter 
(logistic regression), but detection probabilities for family oral fluids were generally higher than 
detection based on piglet serum.  Detection based on sampling individual piglets is particularly 
problematic given that the present study showed that 50% of positive litters had ≤ 5 viremic 
piglets.  In the field, one piglet serum sample is usually collected from litters; an approach which 
will decrease the probability of PRRSV detection at the litter level.   
Overall, results of this study are consistent with previous reports of population-based 
monitoring protocols.  Lopez et al (2020) found similar results when evaluating the probability 
of PRRSV detection in litters by processing fluids compared to individual piglet serum.  Olsen et 
al. (2013) reported a similar trend between in-pen PRRSV prevalence and the probability of 





(2019) compared PRRSV RNA detection based on one piglet serum sample vs. oral fluid from 
the same litter and reported results of 62% vs. 77% for serum and oral fluids, respectively.   
An issue separates from, but related to, declining prevalence is the clustering (non-
random distribution) of positive litters within farrowing rooms.  In the presence of clustering, 
random sampling is inefficient and requires a large sample size to achieve detection (Almeida, 
2020).  One way to approach this issue is to focus sampling on high-risk litters.  In this study, 
high risk litters were identified as first parity sows and sows of any parity with small litters (≤ 11 
piglets).  Specifically, the odds of a positive family oral fluid in first parity sow litters were 3.4 
times (95% CI: 2.1 – 5.4) that of parity ≥ 2 sows and the odds small litters were 9.9 times (95% 
CI: 4.6 – 21.2) that of litters with > 11.  Relatively small litter size and first parity sows have 
previously been reported to be associated with higher risk of PRRSV and other viral infections 
(Dee and Joo, 1994; Calsamiglia and Pijoan, 2000; Sasseville et al., 2001; Alsop, 2006; Quiroga 
et al., 2008; Truyen and Streck, 2019).   
Sample size is invariably a point of dynamic tension because of the conflicting goals of 
acquiring the information and avoiding unnecessary costs.  In the best cases, surveillance sample 
size is selected to detect the virus at or above a given prevalence (Cannon and Roe, 1982; 
Holtkamp et al., 2011).  Regardless, it is not uncommon for veterinarians and producers to 
conclude that the target pathogen is no longer present in the population when receiving negative 
test results (Salman, 2003).  Of course, negative testing results for a given sample size actually 
mean that the target pathogen is not present in the population at the target prevalence with a 
designated level of confidence.  The Bayesian prevalence estimation under misclassification 
analysis presented in this study expanded upon this concept and provided estimates of the range 





mind the limitations of the sample numbers and the higher confidence that comes with increasing 
the sample size and using aggregate specimens. 
Conclusions and implications 
Family oral fluids were shown to be an efficacious sample type for PRRSV detection in 
farrowing rooms.  A risk-based approach for litter selection combined with family oral fluid 
collection can improve on-farm PRRSV detection with fewer samples than required for piglet 
serum-based surveillance.  In this study, parity and litter size were both identified as significant 
risk indicators for PRRSV RNA detection in family oral fluids and may be used to guide sample 
selection.  Finally, data presented herein suggests that producers and veterinarians should not 
over-interpret negative results. In other words, even though negative results are encouraging for 
herds attempting to clear virus circulation, negative results should be interpreted in the context of 
the power of detection provided by the sample size used.   
Acknowledgments 
This study was funded in part by the Iowa Pork Producers Association (Grant #18-191) 
and by Boehringer Ingelheim Animal Health Inc., through the Advances in Respiratory Disease 
Research Award.   We thank Drs. Hans Rotto, Peter Schneider, Calleb Rob, Grant Allison, 
Clayton Johnson, Attila Farkas and the swine producer Al Wulfekuhle for collaborating in this 







Figures and tables 
Table 4.1.  Relevant characteristics of sow herds participating in the study 
Farm Sows (n) Farrowing PRRSV unstable Immunologic intervention 
A 1,100 Continuous Yes PRRSV killed vaccine1 
B 6,500 Continuous Yes PRRS LVI2 
C 350 2-week batch 
farrow 
Yes PRRS MLV4 
D 3,000 Continuous Yes PRRSV MLV3 quarterly in 
reproductive females 
E 1,200 2-week batch 
farrow 
Yes Sows: LVI2 
Gilts: PRRSV killed vaccine1 + 
LVI2 
F 3,600 Continuous Yes LVI2 
 
1 MJPRRS Vaccine, Phibro Animal Health Corporation (Teaneck, NJ, USA) 
2 LVI - live virus inoculation 
3 Fostera PRRS, Zoetis Animal Health (Parsippany-Troy Hills, NJ, USA) 
4 Ingelvac PRRS® MLV (St. Joseph, MO, USA) 
 
Table 4.2.  Number of individual piglet serum samples collected in each farm and results from 
PRRSV RT-rtPCR testing 
Farm (litters, n) Negative Positive Total 
A (59) 430 134 564 
B (34) 372 0 372 
C (23) 243 12 255 
D (25) 302 0 302 
E (13) 97 38 135 
F (45) 549 0 681 







Table 4.3.  Litter level PRRSV status agreement between family oral fluid (FOF) samples and 
serum samples 
  Serum 
Total (%) 
  Negative (%) Positive (%) 
FOF 
Negative (%) 164 (82.4) 6 (3.0) 170 (85.4) 
Positive (%) 1 (0.5) 28 (14.1) 29 (14.6) 
 Total (%) 165 (82.9) 34 (17.1) 199 (100.0) 
 
Table 4.4.  Family oral fluid (FOF) PRRSV PCR results according to the number of viremic 
piglets within a litter as determined by PRRSV PCR on individual serum samples 
FOF PRRSV 
PCR results 
Count of litters by number of PRRSV viremic piglets within a litter 
determined by individual serum PCR  
Total 
0 1 2 3 4 5 6 7 8 9 10 11  
Negative 164 4 1 0 1 0 0 0 0 0 0 0 170 
Positive 1 4 1 1 4 1 2 3 5 1 4 2 29 









Figure 4.1. Probability of PRRSV RNA detection using family oral fluids (FOF) according to 
number of viremic piglets within a litter 
 
Table 4.5.  PRRSV prevalence 95% credible interval given that all samples (serum and family 
oral fluids (FOF)) test PRRSV RNA negative as calculated from a Bayesian 
prevalence estimation under misclassification (BayesPEM) analysis 
Serum samples (n) FOF samples (n) 95% credible interval - lower and upper boundaries 
12 4 0 to ~20.0 
30 5 0 to ~9.0 
60 8 0 to ~5.0 
90 11 0 to ~3.0 
120 15 0 to ~2.0 
240 30 0 to ~1.0 





























Within litter prevalence (%)
Family oral fluid
Serum from 1 piglet
Serum from 2 piglets
Serum from 3 piglets
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Abstract 
Processing fluids (PF) and family oral fluids (FOF) are population-based surveillance 
samples collected from 2- to 5-day-old pigs and due-to-wean pigs, respectively.  Although they 
are described for the surveillance of PRRSV in sows and piglet populations at farrowing, there is 
limited information on their use in commercial herds.  Thus, the objective of this observational 
study was to describe PRRSV RNA detection over time in PF, FOF, and piglet serum collected 
from farrowing groups in commercial breeding farms with the objective of moving toward the 
design of robust, practical, and effective PRRSV surveillance protocols.  From six PRRSV-
endemic commercial breeding herds, weekly PF (a pooled sample of all litters processed in a 
week from each room), and FOF (a convenience sample of ≤ 20 individual litter samples in each 
farrowing room) samples for up to 38 weeks.  A total of 561 PF room samples, 2,400 individual 
litter FOF samples, and 600 serum samples (120 pools of 5 samples) were collected during the 
study period and tested for PRRSV RNA.  Data were evaluated for patterns of PRRSV RNA 
detection by specimen within farms over time.  In particular, the detection of PRRSV was 





more positive results); was often non-uniform within farms (negative and positive farrowing 
rooms at a given point in time); and PF and FOF testing results agreement was 75% and 80% at 
week and room level, respectively, which demonstrates that one sampling method complements 
the other.  Non-uniformity in PRRSV detection in rooms sampled within the same week and 
detection after ≥ 11 consecutive weeks of PRRSV negative PF and FOF results underline the 
challenge of consistent PRRSV detection but likewise suggest that monitoring protocols for 
breeding herds attempting PRRSV control or elimination can use both PF and FOF to improve 
PRRSV detection in suckling pig populations.   
Keywords: Surveillance, processing fluids, family oral fluids, serum, PRRSV 
Introduction 
PRRSV has significant welfare, productivity, and economic impacts in swine breeding 
herds (Zimmerman, 2012), for which reason producers and veterinarians implement strategies to 
control and/or eliminate the virus from infected herds (Corzo et al., 2010).  Once a reduction in 
clinical signs and progress toward recovery of pre-outbreak productivity levels is achieved, it is 
common practice to surveil the due-to-wean piglet population as an indirect monitor for PRRSV 
in the sow herd.   
The 2011 American Association of Swine Veterinarians guidelines stated that a PRRSV 
stable breeding herd status is indicated by four consecutive negative samplings based on PRRSV 
RNA testing of serum from > 30 piglets at < 30-day intervals over 90 days (Holtkamp et al., 
2011).  If the assumptions of hypergeometric sampling hold, then sampling 30 individuals from a 
population should detect > 1 viremic piglet(s) when PRRSV prevalence is > 10% with 95% 
confidence.  This approach is problematic given that PRRSV prevalence and, thus, the 
probability of detection using 30 piglet serum samples will decline over time as effective control 





prior field research documented sustained low PRRSV prevalence (<3%) in breeding herds 
attempting virus elimination (Graham et al., 2013; Kittawornrat et al., 2014; Linhares et al., 
2014).   
Detection of PRRSV at low prevalence using single animal samples, e.g., serum, is not 
practical in commercial production systems because the large number of samples required must 
necessarily incur intolerable labor and testing costs.  This fact has led to the emergence of 
alternative population-based surveillance methods for the detection of PRRSV in piglets, e.g., 
processing fluids (Lopez et al., 2018; Vilalta et al., 2018), family oral fluids (Yeske-Livermore et 
al., 2014; Almeida et al., 2020), and others. 
Processing fluid (PF) is defined as the serosanguineous fluid recovered from castration 
and tail docking tissues at the time of piglet processing (Lopez et al., 2018).  The approach was 
first reported for antibody-based surveillance of sow farms using fluid recovered from castrated 
piglet tissues (Boettcher et al., 2010).  At the room level, Lopez et al. (2018) showed that the 
probability of detecting PRRSV RNA was higher for one whole-room PF as opposed to 30 
serum samples.  Oral fluids have been used extensively for monitoring growing and adult pigs 
(Henao-Diaz et al., 2020), but to a limited extent in nursing piglets.  Family oral fluids (FOF) is 
an adaptation whereby a cotton rope is hung so that both the dam and her piglets have access to it 
(Yeske-Livermore et al., 2014).  Almeida et al. (2020) reported a higher collection success rate 
for FOF versus hanging a rope where only piglets had access, likely because the piglets were 
mimicking the dam's behavior (chewing) with the rope.  
Thus, aggregate sampling approaches for infectious disease surveillance in piglet 
populations have been described (PF and FOF), but there is limited information on their use over 





detection over time in processing fluids, family oral fluids, and serum collected from farrowing 
groups in commercial breeding farms with the objective of moving toward the design of 
efficient, practical, and effective PRRSV surveillance protocols.   
Material and Methods 
Study Design 
This was a descriptive longitudinal study collecting multiple samples and specimen types 
from nursing pigs in 6 PRRSV-endemic commercial breeding herds located in Iowa, Nebraska, 
and Minnesota, USA.  Producers were instructed in the proper methods of collecting processing 
fluids (PF), family oral fluids (FOF), and serum from due-to-wean piglets, but final decisions as 
to the number and timing of samples were under their control.  Data were evaluated in terms of 
patterns of PRRSV RNA detection by specimen within farms over time.  This study was 
approved by the Iowa State University Office for Responsible Research under protocol #3-18-
8730-S.   
Farms 
Table 1 provides an overview of the sow herds participating in the study.  Various 
strategies for replacement animal introduction and PRRSV immunological interventions were 
used by participants.  Farms A and C quarantined replacement gilts (30 days) prior to 
introduction to the main herd, after which 10% of the group was tested for PRRSV RNA (pools 
of 5 serum samples) and antibody.  All sows were vaccinated with a PRRSV MLV product over 
a 2-day period approximately 5 months prior to initiating the study.  Farms B and D did not 
quarantine gilts before introduction to the main herd, but 10% of the group was tested for 
PRRSV RNA (pools of 5 serum samples) and antibody.  All sows were vaccinated with a PRRS 
MLV product over a 2-day period approximately 5 months prior to initiating the study.  Farm E 





2.5 months prior to initiating the study, all sows were vaccinated with a PRRSV MLV product 
on the same day and then inoculated with live field virus 3 weeks later.  Live virus inoculation 
(LVI) was performed using serum from naturally infected piglets (n = 5) on the farm.  Farm F 
quarantined replacement gilts prior to introduction to the herd and tested 10 animals of each 
group of for PRRSV RNA (pools of 5 serum samples).  Approximately 2 to 3 months prior to 
initiating the study, all sows were LVI inoculated in mid-gestation using serum from naturally 
infected piglets (n = 30) on the farm. 
Sample Collection and Processing 
One PF sample was collected for each farrowing room at the time of piglet processing.  
PF samples were collected as described by (Lopez et al., 2018).  Briefly, testicles and tails, 
byproducts of piglet processing (castration and tail docking), were placed on a cheese cloth 
covering a bucket lined with a clean, disposable plastic bag.  The serosanguineous fluid 
recovered from the tissues were transferred into a sterile 50 mL conical centrifuge tube (Thermo 
Fisher Scientific, Waltham, MA, USA) labeled with the date of collection and room number.  PF 
samples were stored at the farm at -20°C and shipped to the veterinary diagnostic laboratory for 
testing on a weekly basis.   
FOF were collected from due-to-wean litters in the same rooms from which PF had been 
collected ~18 days prior.  One FOF sample was collected per litter.  FOF were collected by 
hanging a length of 5/8-inch cotton rope (Skydog Rigging, Lake in the Hills, IL, USA) in a 
position that allowed access to both the sow and her piglets.  Ropes were hung between 6:00 am 
and 7:00 am and fastened securely to farrowing crate bars using plastic ties.  To encourage 
piglets, the rope was unraveled and placed so that the three strands hung approximately one inch 
from the floor.  Ropes were left in place for ≥ 30 minutes, after which oral fluids were harvested 





fingers.  The fluid that pooled in the bag was then poured into a 50-mL conical centrifuge tube 
(Thermo Fisher Scientific) for transport and storage. In the laboratory, processing fluids and 
family oral fluids were centrifuged for 5 minutes at 1400 x g and then submitted for PRRSV 
RNA testing. 
Blood samples were collected from all piglets in litters from which FOF samples were 
collected using a single-use sterile BD Vacutainer™ SST™ Venous Blood Collection Tube 
(Thermo Fisher Scientific) via jugular venipuncture.  Immediately following FOF and serum 
collection, samples were labeled with key information: farm, collection date, farrowing crate 
information (position within a farrowing room).  FOF and serum were held at 4-8°C and 
transported to the laboratory for processing within 24 hours.  In the laboratory, whole blood was 
centrifuged for 10 min at 1600 x g and then serum samples were submitted for PRRSV RNA 
testing. 
Sampling Schedule 
All samples were collected between June 2018 and January 2020 by farm staff.  
Sampling recommendations included:  PF collection from every room being processed in a given 
week during the study period; OF collection attempted from at least 20 litters from at least 1 
room each week; and 30 blood samples from a convenience sampling of due-to-wean piglets 
from one room monthly.  Table 1 provides a summary of the samples received from each farm 
by sample type. 
PRRSV RNA Detection 
PF, FOF, and serum samples were tested by PRRSV real-time reverse-transcriptase 
polymerase chain reaction (RT-rtPCR) at the Iowa State Veterinary Diagnostic Laboratory, 
Ames, IA using routine procedures.  Viral nucleic acids were extracted using a 





a commercial extraction kit MagMAX™ Pathogen RNA/DNA Kit (Thermo Fisher Scientific) 
performed according to the manufacture’s specifications.  Samples were extracted using the 
“high volume” chemistry.  The “high volume” lysis for PRRSV extraction contained: 100 µL of 
sample, 120 µL of lysis/binding solution concentrate, 120 µL of 100% isopropanol, 2 µL of 
carrier RNA (1 µg/µL), and 2 µL of Xeno™ RNA (10,000 copies/µL) (Thermo Fisher 
Scientific).  The high volume wash steps used 300 µL of wash buffer 1 and 450 µL of wash 
buffer 2. 
The PRRSV RT-rtPCR was performed using the 10X PRRSV Primer Probe Mix V2 from 
the VetMAX™ PRRSV NA and EU kit (Thermo Fisher Scientific). The assay was modified 
from the original kit to use TaqMan® Fast Virus 1-Step Master Mix (4X) (Thermo Fisher 
Scientific) with the addition of Amplitaq 360 DNA Polymerase (Thermo Fisher Scientific).  
Each reaction consisted of 6.5µL of TaqMan® Fast Virus 1-Step Master Mix (4X), 0.8µL 
Amplitaq 360 DNA Polymerase (5U/µL), 2.7µL of nuclease-free water, 2.0µL of the 10X 
PRRSV Primer Probe Mix V2, and 8.0µL of nucleic acid template. Each plate included one 
positive extraction control, positive amplification control, negative extraction control, and 
negative amplification control. The assay was conducted on the ABI-7500 Fast system (Thermo 
Fisher Scientific), using the 7500 Fast System SDS Software Version 1.4.0.27. The ABI-7500 
was set to run in fast mode, with cycling conditions: 5 minutes at 50°C; 20 seconds at 95°C; 40 
cycles of 95°C for 3 seconds and 60°C for 30 seconds. 
Statistical Analysis 
Descriptive statistics were generated using Microsoft Excel for Mac version 16.41 
(2020).  Room and week PRRSV positive status was based on ≥ 1 PRRSV RNA positive PF, 
FOF, or pooled serum samples.  Agreement at the week level was estimated by aggregating the 





at the week level did not take room level into account.  Agreement at the room level was 
reported for rooms from which both PF and FOF samples were collected from the same cohort of 
piglets at ~3 and ~21 days of age.  Sporadic detection in a farm was defined as the change from 
all PRRSV RNA negative PF samples one week to ≥ 1 PRRSV RNA positive PF samples the 
next week. 
Results 
Because sampling decisions (where, when, how many) were under the control of 
participants, non-uniformity in sampling was observed on all farms.  Incomplete data precluded 
some analyses or comparisons.  Regardless, the results of RT-rtPCR testing revealed important 
information on the circulation of PRRSV at farrowing in sows and their piglets, with direct 
implications for the surveillance of PRRSV in breeding herds.  Documenting the diversity of 
PRRSV sequences on study farms was not within the scope of this study, but participants shared 
sequencing data from routine diagnostic investigations.  Based on < 99% ORF5 nucleotide 
homology to MLV of vaccines in commercial use in the USA, Farms B, D, and E reported ≥ 1 
wild-type PRRS viruses during the study period; Farm C reported one vaccine-like ORF5 
sequence during the study and 2 wild type sequences shortly after the termination of the study 
(data not shown). 
In total, 561 PF samples, 2,400 FOF samples, and 120 pooled piglet serum samples (5 
piglets per pool) were collected from six farms during the study period and tested for PRRSV 
RNA (Table 2, Figures 1 to 6).  On average, PF was collected from a mean of 4.3 rooms per 
week and FOF from 1.9 rooms per week on each study herd.  Based on the productivity 
information from the six farms, 501 PF samples would represent ~264,000 piglets, and 2,400 
FOF would represent ~26,500 due-to-wean piglets.  On a farm basis, 147 of 505 (29.1%) PF, 160 





none of the samples (56 PF, 301 FOF, 12 pooled serum samples) from Farm F were PRRSV 
RNA positive.   
A comparison of PF and FOF results at the week level showed an overall agreement of 
75.0% (Table 3).  In PRRSV-positive farms (A - E) and excluding weeks in which only one 
room was sampled, PF testing revealed both negative and positive rooms in 21 of 108 PF 
(19.4%) sampling weeks, with 15 such weeks (71.4%) in Farm E.  For FOF, 15 of 30 weeks 
(50.0%) had discordant room PRRSV status.  When both PF and FOF samples were collected 
from the same room, discordant results between the two specimen types were observed in 92 of 
115 (80.0%) times (Table 4).  A comparison of serum with PF and FOF PRRSV RNA testing 
results showed an agreement of 76.5% and 82.4%, respectively, on a room basis (Table 5).   
Sporadic detection was also observed over time in both PF and FOF samples in farms A 
to E (Figures 1 to 6).  Specific to PF, between 2 and 5 sporadic detection events were observed in 
each farm.  The longest period of consecutive PF-negative tests was 11 weeks (Farm B, weeks 4 
to 14) with a total of 51 PF (51 rooms) testing PRRSV PCR-negative.  However, over this same 
period, 2 FOF samples were PRRSV RNA positive (weeks 12 and 14), i.e., one FOF from 22 
FOF samples in one room on week 12 and one of 20 FOF in one room on week 14. 
Discussion 
Field studies have shown that PRRSV can persist in breeding herds at very low 
prevalence, as shown in numerous examples (Cano et al., 2008; Kittawornrat et al., 2014; Vilalta 
et al., 2018).  Cano et al. (2008) reported that the detection of PRRSV RNA in serum from 
liveborn and due-to-wean piglets sampled 4 and 12 weeks after whole-herd inoculation with live 
PRRSV declined from 8% to 2% and 23% to 7%, respectively.  Kittawornrat et al. (2014) 
reported the detection of PRRSV RNA in 1.5% (9 of 600) of litter-based oral fluid samples 





reported that PRRSV prevalence in piglets in a 6,000 sow breeding herd ranged from 0.9% to 
6.5% between 11- and 23 weeks post-outbreak.  Simulation studies modeled on field data 
predicted that PRRSV persistence in a breeding herd would depend on herd size, isolate 
virulence, and control practices (Nodelijk et al., 2000; Evans et al., 2010; Jeong et al., 2014).  As 
herd size increased, so did the likelihood that the virus would remain endemic, particularly in 
herds infected with moderately or highly virulent isolates, regardless of control strategies 
employed.   
In this difficult disease control scenario, implementation of herd closure, MLV 
vaccination, and gilt acclimatization are used reduce sow herd prevalence, reduce the 
transmission of PRRSV from sows to piglets, and ultimately to eradicate the virus (Torremorell 
et al., 2002; Corzo et al., 2010; Jeong et al., 2014).  Thus, the challenge is finding a practical 
method of monitoring progress towards PRRSV elimination from breeding herds, correctly 
determining when within-herd transmission has been ceased, and establishing when the breeding 
herd is truly free of the virus.  Direct surveillance of sow herds based on testing sows is not a 
viable option; the more practical option is to test recently farrowed piglet populations.  Options 
for detecting virus at low prevalence include: 1) collect blood samples from a large number of 
pigs at weekly intervals, e.g., 95% probability of detecting ≤ 2% prevalence mandates 150 
samples per air space per sampling event, or 2) use 'population-based' sample types, such as PF 
or FOF, where multiple piglets are sampled at once.   
PF and FOF can be used to monitor swine populations in breeding herds by sampling 2-5 
day old and due-to-wean pigs, respectively.  PF is an aggregate sample composed of the 
serosanguineous fluid recovered from tissues (testicles and tails) collected at piglet processing 





used in Salmonella enterica surveillance (Mousing et al., 1997), but uses only testicles collected 
at castration.  Boettcher et al. (2010) described the use of this specimen for antibody-based 
surveillance of PRRSV, influenza A virus, porcine parvovirus, porcine circovirus type 2, 
Mycoplasma hyopneumoniae, and Salmonella.  Subsequent studies showed that PF provided a 
higher probability of PRRSV RNA detection than serum at both litter and room levels (Lopez et 
al., 2018; Lopez et al., 2020).  Collecting one PF and one serum sample per litter, Lopez et al. 
(2020), establishing true litter status by testing all piglets, reported 100% detection of PRRSV-
positive litters with PF vs. 50% for serum when within litter prevalence was exactly 50%.  
Despite higher room level sensitivity, PF results reflect PRRSV circulation in 2- to 5-day-old 
piglets, and negative PF results do not necessarily predict the PRRSV status of the piglet 
population at weaning.  Thus, in the current study, 7.8% of the weeks or rooms that were PF 
negative were subsequently PRRSV RNA positive with FOF.   
Oral fluids, a well-established sample for pathogen surveillance in the growing and adult 
swine population, was first described for PRRSV detection in due-to-wean piglet population by 
Kittawornrat et al. (2014).  However, oral fluids were widely adopted for surveillance due to 
limited success in sample collection.  FOF differ from litter-based sampling in the sense that the 
cotton rope is hung so that both the sow and her piglets have access.  The piglets, observing the 
dam interact with the rope, mimic her behavior, and the result is a sample representing the family 
unit (Yeske-Livermore et al. 2014).  Almeida et al. (2020) demonstrated that FOF tested for 
PRRSV RNA detected 100% of litters with ≥ 3 viremic piglets and 50% of litters with ≤ 2 
viremic piglets.  Further, Almeida et al. (2020) found that 8 PRRSV RNA negative FOF samples 
were equivalent to collecting and testing 57 piglet serum in a population with an expected 





The problem addressed in this study is the need to correctly classify population status 
over the course of a PRRSV elimination program.  PF and FOF are new surveillance samples 
that provide improved PRRSV detection surveillance in piglet populations and, by proxy, in 
breeding herds.  However, there is as yet limited data on their use in commercial herds over time.  
In this study, six commercial PRRSV-endemic breeding herds undergoing PRRSV control plan 
including exposure to MLV or live virus inoculation used PF (~3 days of age), FOF, and (less 
frequently) serum samples to follow the spatiotemporal distribution of PRRSV in their herds.   
Sampling was entirely driven by the producers, and non-uniform and/or incomplete 
sampling was observed on all participant farms.  Incomplete sampling compromised the ability 
to perform the ideal statistical analyses or comparisons, but the study's size and scope 
nevertheless revealed important data regarding PRRSV circulation and detection in commercial 
sow breeding herds.  Notably, specimens (PF, FOF, or serum) collected from a farm at the same 
point in time and/or from the same room did not necessarily agree.  Given the same specimen, 
different farrowing rooms tested in the same week also sometimes differed in PRRSV status. 
And perhaps most importantly, sporadic detection of PRRSV over time was common, e.g., 
PRRSV negative PF for up to 11 consecutive weeks, yet FOF collected from the same cohort at 
weaning were PRRSV RNA positive.   
Modern sow farm facilities usually have multiple farrowing rooms, each with many 
farrowing crates.  Discordant PF and FOF results in the same week from the same room, i.e., 
PRRSV RNA negative PF samples and PRRSV RNA positive OF samples or vice-versa, may be 
disconcerting because they provide conflicting data concerning PRRSV circulation.  PF negative, 
followed by FOF positive, may reflect a PRRSV-negative piglet population at processing that 





the piglet population, excessive pooling of tissues (> 323 piglets), a failure to include all tissues 
collected in the PF sample or infection of female piglets (Vilalta et al., 2019).  On the other hand, 
PF positive, followed by FOF negative samples may result from collecting too few samples to 
detect the virus at a given (< 2%) prevalence or mortality in PRRSV-viremic piglets before 
weaning.  Regardless, false-negative results can lead to the relaxation of PRRSV control and 
elimination practices and result in clinical outbreaks.   
Non-uniformity in PRRSV detection was also observed among rooms sampled in the 
same week using the same specimen.  This supports a previous study showing that the spatial 
distribution of viremic piglets' distribution is rarely homogeneous and often clustered within 
farrowing rooms (Almeida, 2020). The lack of population homogeneity poses a challenge to 
commonly used monitoring practices.  For example, other than due-to-wean piglets (usually from 
a single farrowing room), the AASV PRRSV testing protocol for establishing herd status does 
not offer detailed guidance on selecting piglets for serum sampling (Holtkamp et al., 2011).  By 
implication, the unstated assumption is that the distribution of positive piglets within different 
rooms is uniform and that the PRRSV status piglets in one room will reflect the status of other 
rooms and the breeding herd overall. 
Reports of sow farms achieving PRRSV stable status followed by detection of the herd 
PRRSV (based on ORF-5 sequencing) suggests the presence of gaps in the current herd 
classification protocols (Linhares et al., 2014).  The current study showed that misclassification 
of herd PRRSV status could be avoided by implementing weekly monitoring and increasing the 
number of rooms sampled.  However, even with weekly monitoring of more rooms, multiple 
weeks of negative sampling can lead to a false conclusion that the virus is no longer present in a 





followed by occasional positive PF tests thereafter.  During and after the 11 PF negative weeks, 
occasional FOF positives were observed.  These results were consistent with a previous report of 
sporadic PRRSV detection (Linhares et al., 2014).  Overall, this study provided new information 
on the dynamics of PRRSV RNA detection by RT-rtPCR in PF and FOF over time (weeks) and 
space (rooms) and insights into the design of improved monitoring protocols for breeding herds 
attempting PRRSV elimination.  In particular, this finding highlights the importance of 
continuous monitoring of piglet populations with multiple sample types to accurately detect 
PRRSV circulation and overcome the challenges posed by PRRSV low prevalence and 
persistence. 
Conclusions and implications 
Processing fluids (PF) and family oral fluids (FOF) samples are highly effective 
population-based specimens for PRRSV RNA detection.  In this study, it was found that the 
detection of PRRSV RNA in PF and FOF samples is often sporadic, varying week to week, and 
among rooms in the same sampling week.  These results illustrate the challenge of confidently 
establishing the PRRSV status of breeding herds and underlines the fact that reliance on a single 
specimen (PF, FOF, or serum) or single point in time for surveillance will compromise PRRSV 
detection.  Thus, breeding herds seeking to achieve PRRSV control and/or elimination should 
consider a surveillance strategy that includes collecting and testing piglet samples at processing 
and at weaning on a continuous basis.   
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Figures and tables 
Table 5.1. Characteristics of sow herds participating in the study1 
 Farm A Farm B Farm C Farm D Farm E Farm F 
Sow inventory 3,000 3,000 3,000 3,000 6,000 3,300 
Distance to the nearest farm 800 m 8 km 800 m 3.2 km > 32 km 2.4 km 
Farrowing rooms (crates/room) 18 (28) 15 (24) 14 (28) 20 (32) (20 (56) 13 (56) 
Most recent PRRSV outbreak 
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Surveillance specimens  
   - Processing fluid (PF) 
      Sampling period (weeks) 
      Total PF samples 
   - Family oral fluids (FOF) 
      Sampling period (weeks) 
       
 
      Total FOF samples 
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1  All farms endemically infected with PRRSV, used commercial modified live vaccine (MLV) and/or live PRRSV inoculation (LVI), 
and practiced continuous farrowing.   





Table 5.2. PRRSV RNA detection in processing fluid, family oral fluid, and serum samples 
Farm 
Processing fluid Family oral fluid Serum (pooled by 5) 
No. positive (Total) No. positive (Total) No. positive (Total) 
A 25 (87) 0 (109) - 
B 7 (83) 4 (480) - 
C 29 (74) 9 (439) - 
D 32 (94) 23 (573) - 
E 54 (167) 124 (498) 47 (108) 
F 0 (56) 0 (301) 0 (12) 
TOTAL 147 (561) 160 (2,400) 47 (120) 
 
 
Table 5.3. Overall agreement in PRRSV RNA detection between processing fluid and family 
oral fluid samples matched by week (Herds A - F) 
  Family oral fluid (n = 2,400) 
  Positive Negative 
Processing fluid 
(n = 257) 
Positive 16 (25.0%) 11 (17.2%) 
Negative 5 (7.8%) 32 (50.0%) 
 
 
Table 5.4. Overall agreement in PRRSV RNA detection between processing fluid and family 
oral fluid samples matched by room (Herds A - F) 
  Family oral fluid (n = 2,210) 
  Positive Negative 
Processing fluids 
(n = 114) 
Positive 18 (15.7%) 14 (12.2%) 







Table 5.5. Overall crude agreement between processing fluid and serum samples (top) and 
family oral fluid and serum (bottom) matched by room (Herds E and F) 
  Serum (n = 102 pools of 5) 
  Positive Negative 
Processing fluids 
(n = 17) 
Positive 7 (41.2%) 1 (5.9%) 
Negative 3 (17.6%) 6 (35.3%) 
Family Oral Fluids  
(n =294)  
Positive 8 (47.1%) 0 (0.0%) 










W 1 2 3 4 5  SAMPLESa 
R 10 11 12 13 14 15 16 17 18 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18  + Σ 
P  *                           10 23 
F                               
                               
W 6 7 8 9 10       
R 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1 2 3 4 5 6     + Σ 
P                             4 21 
F                             0 54 
                               
W 11 12 13 14         
R 7 8 9 10 11 12 13 14 15 16 17 18 1 2 3 4 5 6 7 8 9 10       + Σ 
P                             0 16 
F                             0 55 
                               
W 15 16 17 18     
R 11 12 13 14 15 16 17 18 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18   + Σ 
P                             11 22 
F                               
                               
W 19                          
R 1 2 3 4 5                        + Σ 
P                          0 5 
F                            
Figure 5.1. FARM A.  PRRSV RNA detection (positive , negative) by week (W), farrowing room (R), and specimen (P - processing 
fluid, F - family oral fluid). 











W 1 2 3 4 5      SAMPLESa 
R 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9      + Σ 
P                             5 22 
F                               
                               
W 6 7 8 9 10      
R 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3     + Σ 
P                             0 24 
F                               
                               
W 11 12 13 14 15       
R 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11      + Σ 
P                       *      1 18 
F                             2 178 
                               
W 16 17 18 19          
R 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1         + Σ 
P                          1 19 
F                          2 302 
Figure 5.2. FARM B.  PRRSV RNA detection (positive , negative) by week (W), farrowing room (R), and specimen (P - processing 
fluid, F - family oral fluid). 
















W 1 2 3 4 5        SAMPLESa 
R 3a 3b 4a 4b 5a 5b 6a 6b 7a 7b 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 6a        + Σ 
P                             13 21 
F                               
                               
W 6 7 8 9 10       
R 6b 7a 7b 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b 7a 7b 1a 1b 2a 2b 3a 3b      + Σ 
P                             3 17 
F                               
                               
W 11 12 13 14 15       
R 4a 4b 5a 5b 6a 6b 7a 7b 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b 7a 7b 1a      + Σ 
P                   *          5 20 
F                             5 165 
                               
W 16 17 18 19             
R 1b 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b 7a 7b 1a 1b 2a 2b            + Σ 
P                          8 16 
F                          4 274 
Figure 5.3. FARM C.  PRRSV RNA detection (positive , negative) by week (W), farrowing room (R), and specimen (P - processing 
fluid, F - family oral fluid). 
aNo. RNA positive samples (+) and no. samples collected Σ. *PRRSV RFLP 1-3-2 Fostera-like). PRRSV RFLP 1-7-4 detected on 











W 1 2 3 4 5   SAMPLESa 
R 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18   + Σ 
P                             9 22 
F                               
                               
W 6 7 8 9 10    
R 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4   + Σ 
P                             13 35 
F                               
                               
W 11 12 13 14   
R 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11  + Σ 
P              *               3 19 
F                             16 196 
                               
W 15 16 17 18 19       
R 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14      + Σ 
P *                          7 18 
F                           7 377 
Figure 5.4. FARM D.  PRRSV RNA detection (positive , negative) by week (W), farrowing room (R), and specimen (P - processing 
fluid, F - family oral fluid). 




















W 1 2 3 4 5 6    SAMPLESa 
R 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19    + Σ 
P                             21 23 
F                             4 69 
                               
W 7 8 9 10 11        
R 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1       + Σ 
P                             3 12 
F                             2 68 
                               
W 12 13 14 15 16   
R 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8  + Σ 
P                             8 27 
F                             1 98 
S                             0 6 
                               
W 17 18 19 20 21    
R 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 12 12 13 14   + Σ 
P                             3 29 
F                             0 40 
S                             0 6 
                               
W 22 23 24 25 26 27   
R 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1  + Σ 
P                             2 29 
F                             10 74 
S                         *    4 48 
                               
W 28 29 30 31 32 33 34 35 36    
R 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7   + Σ 
P                             17 42 
F                             107 149 
S                             43 48 
                               
W 37 38                         
R 8 9 10 11 12                        + Σ 
P                          0 5 
F                            
Figure 5.5. FARM E.  PRRSV RNA detection (positive , negative) by week (W), farrowing room (R), and specimen (P - processing 
fluid, F - family oral fluid, S - Serum). 







W 1 2 3 4 5 6 7 8  SAMPLESa 
R 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7  + Σ 
P                             0 27 
F                             0 153 
S                             0 6 
                               
W 9 10 11 12 13 14 15 16 17    
R 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8  + Σ 
P                             0 27 
F                             0 148 
S                             0 6 
                               
W 18                             
R 9 10                           + Σ 
P                          0 2 
F                            
Figure 5.6. FARM F.  PRRSV RNA detection (positive , negative) by week (W), farrowing room (R), and specimen (P - processing 
fluid, F - family oral fluid, S - Serum). 
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CHAPTER 6.    GENERAL CONCLUSIONS 
PRRSV continues to cause significant welfare and economic losses to the global swine 
industry.  In 2019, the data provided to Morrison’s Swine Health Monitoring Program, a 
voluntary-based PRRS virus monitoring system, tracked data from ~3.0 million sows on over 
1,000 farms in the US, with 24% reporting PRRS outbreak (Sanhueza et al., 2019).  Costs 
associated with PRRSV outbreaks in breeding herds can amount to U$62.52 per breeding female 
per year, or over half a million dollars per 1,000 breeding females per year (Holtkamp et al., 
2013a).  For this reason, limiting PRRSV circulation and ultimately eliminating the virus from 
breeding herds is a common approach for many US breeding herds (Corzo et al., 2010).  To 
assess progress towards producing PRRSV-negative pigs at weaning,  it is a common practice to 
sample the due-to-wean piglet population as a proxy from the sow herd status.  However, 
determining whether PRRSV is circulating within a breeding herd is a longstanding surveillance 
challenge.  New sample types, i.e., processing fluids (Boettcher et al., 2010; Lopez et al., 2018; 
Vilalta et al., 2018) and family oral fluids (Yeske-Livermore et al., 2014; Almeida, 2020; 
Almeida et al., 2020), have emerged in the last decade allowing population sampling with higher 
sensitivity for detection of PRRSV at litter, room and herd level, which can contribute to a more 
accurately determine swine breeding herd PRRSV shedding status.  
Producers have rapidly adopted PF's for PRRSV monitoring and surveillance because it 
provides a highly efficient method to collect diagnostic samples representing large numbers of 
piglets and achieve high herd level sensitivity for PRRSV detection.  According to the Swine 
Disease Reporting System, PF represented 11% of all sample types (56% of cases from suckling 






University of Minnesota, Kansas State University, and South Dakota State University for 
PRRSV PCR testing in 2018 (Trevisan et al., 2019). 
Oral fluids have been used extensively for monitoring growing and adult pigs (Henao-
Diaz et al., 2020), but to a limited extent in suckling piglets.  Family oral fluids (FOF) is an 
adaptation whereby a cotton rope is hung so that both the dam and her piglets have access to it 
(Yeske-Livermore et al., 2014).  Almeida et al. (2020) reported a higher collection success rate 
for FOF versus hanging a rope where only piglets had access, likely because the piglets were 
mimicking the dam's behavior (chewing) with the rope. 
The research presented in this dissertation aimed to improve PRRSV breeding herd 
surveillance by providing guidelines on how to best sample from individual piglets, further 
refined the oral fluid collection from due-to-wean piglets, and established guidelines for 
monitoring and surveillance based on family oral fluids from breeding herds with 
recommendations on how to establish a continuous monitoring program in association with 
processing fluid samples. 
The implications of results described in this dissertation include 1) incorporating risk 
factors in the process of identifying pigs or litters to be sampled, such as parity 1 litters and 
litters of relatively small size, significantly improves the probability of PRRSV detection, 2) 
PRRSV can circulate in the suckling pig population at near-zero prevalence for extended periods 
of time, and prevalence can vary substantially over time, and across litters and rooms of a given 
farm. Therefore, PRRSV monitoring schemes should include efforts to represent as many pigs, 
litters, and rooms over time as possible, as opposed to cross-sectional (point-in-time) sampling, 
and 3) FOF samples are more sensitive than matching numbers of serum samples to detect 






given farrowing room, it is needed 15, 30 or 40 FOF samples, compared to 120, 240 or 400 
serum samples, respectively. 
Future work is needed to keep improving both the success rate of family oral fluid 
collection, the sensitivity of diagnostic tools applied to oral fluids, and sampling strategies with 
population samples to detect PRRSV in herds eliminating the virus or trying to prevent its 
introduction both in point-in-time and continuous surveillance, taking in consideration the 
constraints in place with modern swine rearing facilities. 
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